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A b stra ct
Bridge deck expansion joint system s often develop serious problems requiring ex­
tensive and expensive maintenance. This has becom e a nuisance to  users and to 
bridge engineers, and many states have been involved in investigations aiming to 
alleviate this problem. Results reported by various states regarding the behavior 
of specific joint sealing system s have been contradictory, indicating that the prob­
lems may not be inherent with the particular system . Rather, the problems may 
stem  from a failure to properly assess the actual joint movements, inadequate de­
sign criteria, improper installation procedures or other factors such as differences 
in environmental conditions. In recognition of these problems, a comprehensive 
experimental investigation of bridge expansion joint movements was undertaken.
The longitudinal across-the-expansion-joint movements of a newly constructed  
bridge in central Louisiana were experimentally evaluated. Since thermally induced 
movements comprise the bulk of the longitudinal deformations, the temperature 
characteristics of the bridge sections were also investigated. The movements of the 
supporting bents and their effects on joint movements were also studied. The bridge 
was instrum ented to assess both short-term and long-term longitudinal movements. 
The recorded data were analyzed and used to determine whether the joints have 
been adequately designed to accom odate movements.
C h ap ter I 
In trod u ction
1.1 B ackground
Highway bridges generally require expansion joints between sections of the deck or 
between the deck and the approach roadway. The standard practice is to specify a 
sealed joint to prevent debris and water from passing through the joint and caus­
ing deterioration of the bridge. Several types of proprietary joint seals have been 
developed and used in highway bridges. These can be broadly classified as either 
compression seals, membrane seals or cushion seals.
Frequently the joint sealing system s have not functioned as intended. The seals 
have either leaked, ruptured or fallen out of position, or the anchor bolts secur­
ing the seals have loosened or failed. Once the seals fail, incompressible solids can 
lodge within the joint. This foreign m atter will then resist the closing of the joint, 
causing high stresses within the slab. Cracks will form and spalling of the concrete 
slab will eventually occur. Highway traffic worsens the problem and the need for 
expensive maintenance is inevitable. In addition water passes through the failed 
joint seals carrying with it highly destructive road salts which accelerate the dete­
rioration of the structural com ponents. In short joint seals have proved a continual 
and expensive maintenance problem for highway departments. Since various states 
have reported contradictory performance of specific joint sealing system s, the prob­
lems may not be inherent with the system s. Rather, the problems may stem  from 
improper design criteria for the bridge joint, improper installation practices, differ­
ences in bridge type used from one state to another, differences in environmental 
conditions, or other factors.
Trends in modern highway bridge construction such as the use of precast, pre­
stressed concrete girders and creation of multiple continuous spans for live loads,
1
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complicate the prediction of joint movements. The current practice for the design 
of expansion joint-seals for Louisiana highway bridges ((LaD O TD  (1987)), is based 
on elementary strength of materials formulas, and these may not accurately predict 
actual joint movements in modern bridges. In reality, the joint movem ent is a com­
plex response involving m any com ponents of the bridge structure and a combination  
of strains varying across and through the depth of the system . The strains which 
influence the joint movement are caused by a variety of factors including thermal 
expansion, tim e dependent creep and shrinkage, and applied live loads. System ­
atic, detailed studies are required to  properly assess actual joint m ovem ents. The 
acquisition, analysis and evaluation of actual joint movements will lead to the de­
velopment of rational design m ethodologies for joints in modern bridges including 
criteria for reducing or totally eliminating joints if possible.
1.2 L iteratu re R ev iew
The literature review is classified into three major categories:
1. Bridge deck joint-sealing system s.
2. Bridge joint movements and m ethods o f measurements.
3. Investigations of jointless bridges.
These three categories are discussed below. Pertinent references regarding these 
works are cited in the respective category.
1.2.1 B r id g e  D eck  J o in t S ea lin g  S y ste m s
In a very broad sense, highway bridge joints can be classified as open or closed. 
Common types of open joints are plate bearing, butt or toothed. The closed joint 
category is comprised of compression seals, membrane seals, or cushion seals. Some 





FIGURE 1.1 General Types of Bridge Expansion Joint Seals:
A) Compression Seal.
B) Membrane Seal.
C) Cushion Seals (Two Varieties).
4
closed seals are designed to be waterproof. In a study conducted by Purvis and 
Berger (1983) about bridge joint maintenance, a brief description of each joint-seal 
type and its application is given along with their associated problems.
Several studies have been conducted in order to develop the best joint sealing 
system  which would minimize or even eliminate bridge joint problems. Kozlov 
and Cosaboom  (1983) describe an effective solution to the sealing joint problem  
applicable to simple span concrete or steel bridges of span lengths up to 170 feet. 
The use of a specially designed joint armor in combination with existing preformed 
elastomeric seals have proved to be effective for this type of bridges. However the 
designed sealing system  is not recommended to be placed at the expansion joints 
between the bridge deck and the approach slab. Recommendations and procedures 
for the design, construction and sealer selection are given in their report. In addition 
recommendations are given for further investigations to include varied locations, 
larger spans and different types of structures.
A research study conducted by Howard et, al. (1979) was focused on the per­
formance specifications and evaluation of bridge deck joint sealing system s. The 
objective of this study was to develop performance criteria for prefabricated, sur­
face m ounted bridge deck joint sealing system s for horizontal movements of up to 
four inches. The recommendations apply to membrane and cushion-seal-type sys­
tems.
Another study performed by Kozlov (1978) was concentrated on developing a 
sealer specification that would ensure the selective acceptance of sealers with good 
long-term performance capabilities. In that research, a m ethod for testing the life 
expectancy of sealers was developed. Results obtained through this testing m ethod  
indicated that there exists a non-uniform sealer quality which was attributed to 
the lack of sufficient uniformity in the production of synthetic rubber products. In 
addition, studies of actual field performance of preformed elastomeric compression 
sealers used in New Jersey bridges revealed that most seals were leaking. The failure 
of the sealing system  was attributed predominantly to poor construction practices
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and inadequate design. It was concluded in the study that the identification of 
adequate sealers for bridge decks still remained unestablished.
Another study was performed by Kinchen et al. (1977) to evaluate the material 
properties and field performance of joint sealants available in the market. The main 
conclusions of the study were:
1. Transverse joints in roads and bridges can be effectively sealed through proper 
design, construction and material selection.
2. Some pourable sealants performed effectively in the field but others performed 
well in laboratories but experienced problems in the field.
3. Neoprene compression seals performed best in the tranverse pavement joints 
and in the bridge expansion joints.
4. Asphalt-based sealants did not adequately seal joints that experience move­
ment.
■5. Periodic cleaning and re-sealing of the joints is necessary and is cost-effective.
In a paper, Tung and Bowman (1986) describe the types of joints used in Hong 
Kong. In an attem pt to m onitor the performance of different proprietary expansion 
joints, eight such products were installed on a main artery of the Hong Kong road 
system  between 1980 and 1985. The performance of these joints was observed 
periodically. Major findings of the observations were that all joints essentialy leaked 
and performed poorly or m oderately satisfactorily. In the paper, recommended 
specifications for expansion joints are also given.
Price (1986) discusses an experimental project for placement of elastomeric 
sealed expansion joints which was initiated by the Bridge Division of the Texas State 
Department of Highways and Public Transportation in 1981. In that research, lab­
oratory tests were performed to define the material properties required to describe 
an elastomeric concrete suitable for use as a joint nosing material. Specifications 
are given based on the laboratory tests conducted.
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In another paper, Brown (1986) reviews the problems encountered in arriving 
at a proper seal design, the problems of field installation, and the correlation of 
laboratory testing to field results. Remarks concerning the adoption of various 
compression seals to specific applications are also included in the paper.
Brown and Haerle (1986) presented a paper in which they discuss the movements 
and the design of the expansion joint system  of the 3rd Lake W ashington Bridge. 
The bridge is approximately 2 1 /2  miles long and floats between Seattle, Washington 
and Mercer island on Lake W ashington. Because the structure is so unusual, it 
experiences very large longitudinal and vertical movements which by far exceed 
that of any other structure of the world designed with sealed expansion joints. 
Details of the seal type used on the bridge are also given in the paper.
In another paper, Clauwaert, (1986) discusses a research project on bridge joints 
started in Belgium in 1980 by the Belgian Road Research Centre. Som e of the topics 
dealt, with in that research were; 1) the horizontal and vertical movements produced 
at the joint by heavy trucks, 2) the determination of stresses in the anchorage of 
the expansion joints and buried joints by means of computer programs and model 
studies, and 3) the application of research results in practice.
Numerous other studies focused on the design, performance specifications, and 
problems and solutions pertaining to the bridge joint sealing system s have been 
conducted in the United States and elsewhere.
It is evident from the extended work performed in the area of joint sealing sys­
tem s that the identification and standardization of adequate seal joints has not been 
established. One of the problems seems to be the inconsistent material properties 
of joint sealants. Another even more serious problem is the identification of the 
true field behavior of the sealing system . The performance of the sealing system  
is mainly affected by its material properties, environmental conditions and most 
important by the actual m ovem ents occurring at the joints due to the variety of 
factors discussed earlier. It is therefore of critical im portance that the true range 
of joint movements be identified and evaluated.
1 .2 .2  B r id g e  J o in t M o v e m e n ts  and  M e th o d s  o f  M ea su re­
m en ts
A number of papers discussing the movements of bridges and techniques employed  
in obtaining these movements are available. The m ost significant bridge movements 
and the ones which by far cause m ost of the joint seal problems are the longitudinal 
across-the-joint displacements. Thermally induced movements comprise the bulk of 
the longitudinal deformations in bridges. This phenomenon has led researchers to 
investigate movements in bridges associated with tem perature changes. Reynolds 
and Emanuel (1974) have written a concise summary of prevalent research con­
ducted in this area between 1957 and 1970. In this summary, they concluded that 
relating environmental conditions to bridge movements is extremely complex. They 
also recommended further research to determine actual bridge tem perature distri­
butions and movements, as well as development of a simple rational approach to 
the problem of determining environmental effects on a structure.
The problems encountered with joint movements have been also addressed in 
more recent papers. In a paper presented in 1978, Dillon and Kissane (1978) sum­
marized the movements of prestressed concrete girders located throughout New 
York State over a two year period. Scratch gages were used in order to  obtain  
the extreme movements of the expansion joints. This information was compared 
to climatic records and it was concluded that the actual tem perature ranges were 
greater than design ranges, however, the average annual end movement was not 
significantly different from design values.
In a paper presented by Emerson (1979) in 1979, a m ethod is given for determin­
ing the effective temperatures of com posite bridges when shade temperatures and 
bridge movements are known. The m ethod was applied on two bridges located in 
England. Thermocouple wires were used to measure the tem perature in the bridge 
slab as well as the ambient, temperature. The m ethod of prediction was based on 
these measurements, and the results were reasonably accurate.
In his Ph.D . dissertation, Abdul-Ahad (1981) developed a theoretical m ethod of
calculating thermally induced stresses and movements in continuous bridge struc­
tures. The experimental monitoring, on which this m ethod was based, was done 
on a com posite box girder bridge. The bridge was 2700 feet long with 29 spans 
and no expansion joints except at the abutm ents. Instruments used for monitoring 
included thermocouples, W hitemore strain gauges, resistance strain gauges, Carl­
son stress m eters, scales and levels. Abdul-Aliad deduced that the temperature 
through the depth of the deck can be separated into two parts, one of which is a 
linear distribution which causes deformation, and the other a nonlinear distribution  
which results in a self-equilibrating stress that causes no deformation. Furthermore, 
the tem perature at the center was found to be indicative of the joint movement. 
Abdul-Aliad finally gives recommendations regarding the construction of this type  
of bridges.
Other causes of bridge movements include pier and abutment movements. In a 
paper published in 1980, M oulton and Kula (1980) analyzed bridge movement data  
obtained from 180 bridges. The data was obtained from questionnaires conducted  
in 1967 and 1975 by the Transportation Research Board. The surveys suggested  
that abutment movements occurred more frequently than pier movements and that 
horizontal movements caused much greater damage than vertical movements.
The papers discussed in this sub-section have outlined reasons for which certain 
types of bridge movements and temperature data must be acquired. Mortlock 
(1974), presented a paper in which he investigated various types of instruments 
used to obtain such data. In the paper he thoroughly considers measuring devices 
to be left at a bridge site for continuous field monitoring. The following were found 
to be the m ost practical and accurate m ethods of measurements:
1. The use of copper constantin thermocouples placed in the slab during con­
struction to obtain the variation of tem perature through the slab depth.
2. The use of copper constantin thermocouples placed in a shaded area under 
the bridge to obtain the ambient temperature.
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3. The use of linear variable differential transformers (LV DT’s) m ounted across 
the expansion joint to measure the joint movements.
4. The use of a Kipp solarimeter to measure the solar radiation of the slab.
Combinations of the above measuring devices were placed at seven bridge sites 
located in England and Wales. The data obtained were compiled and analyzed in a 
paper by Emerson (1971). It was concluded in that paper that the instrum entation  
had functioned satisfactorily. Furthermore, from the gathered data, a coefficient of 
thermal expansion for each bridge was developed. It was finally concluded that, 
with certain lim itations, it is possible to estim ate the extrem e range of movements 
likely to occur during the life of a bridge if the shade tem peratures are known.
1 .2 .3  In v e stig a tio n s  o f  J o in tle ss  B r id g es
Highway bridge expansion joints proved to be expensive to install and properly 
maintain. Many states are therefore investigating the possibilities of minimizing or 
totally eliminating the use of joints in bridges. In a report prepared for the Federal 
Highway Administration in Richmond, Virginia, Zuk (1981) studied the various 
m ethods employed by different states to reduce the number of joints in bridge decks. 
He also studied the feasibility of four new m ethods in achieving that objective. In 
his conclusion, Zuk recommended the following three system s for implementation:
1. Integral A butm ents - Most sta tes’ jointless bridges use a form of integral 
abutment for bridges of up to 500 feet in length. The abutm ent allows for 
some flexing due to therm al movements. The joint is thus eliminated at the 
abutment.
2. Flexible Piers - The number of joints can be reduced in bridges having long, 
slender piers. The long piers can absorb a fair amount of movement without 
overstressing. A bridge system  utilizing flexible piers has the potential of 
eliminating all but one joint in the deck. If used in conjunction with integral 
abutm ents, no joint may be required at all.
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3. Continuous Jointless Deck - Theoretically, this m ethod would allow the con­
struction of bridges of any length without any joints in the deck or between the 
deck and the approach roadway. This system  however has not been thoroughly 
tested. Two im portant characteristics of this system  are: First, the girders 
must be simply supported between spans to allow for longitudinal movements, 
and second, the slabs have to be com positely joined to the girders only at the 
sections of m axim um  moment.
Several states have been com m itted to the construction of jointless bridges. 
In a report by Wasserman (1987), Tennessee’s com m itm ent to jointless bridges is 
discussed. For the last twenty years, Tennessee has been building bridges with the 
minimum possible number of expansion joints. From this past experience it has 
been shown that concrete bridges of up to 800 feet long and steel bridges of up 
to  400 feet can be constructed with no expansion joints. For longer bridges, the 
provision of an expansion joint at each abutment would often suffice. The report 
also gives recommendation for reducing the number of joints in design, as well as 
methods of rehabilitation and possible elimination of existing problem joints already 
in service.
The performance of bridge sealing system s is significally affected by the range 
of movements the seals are subjected to. No m atter how good the product is, it 
will eventually leak and fail if the range of movements exceeds the designed values. 
It is therefore of utm ost im portance to know the true range of movements at the 
expansion joints. This knowledge would result in better bridge deck performance 
and significant reduction in joint sealing maintenance.
1.3 O b jectives  and  S cop e o f  S tu d y
The primary goal of this study is to provide bridge engineers and designers with 
design criteria regarding bridge joints. To accomplish this goal a system atic study of 
bridge joint movements is performed. The study concentrates on short and medium
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span bridges of the types commonly constructed in Louisiana. It is focused on a 
newly constructed bridge on U.S. 190 highway over the Atchafalaya River at Krotz 
Springs Louisiana. The bridge has a cast-in-place concrete deck supported by either 
m ultiple precast., prestressed concrete girders or steel girders. Specific objectives of 
this research are:
1. Instrument the designated bridge for field monitoring using LVDT’s, Thermo­
couples, and optical devices.
2. Field monitor the appropriate bridge movements through a program of instru­
m entation and periodic measurement.
3. Analyze and synthesize the experimental data obtained and evaluate the 
bridge joint movements.
4. Study the thermal characteristics and temperature distribution through the 
depth of the bridge sections.
5. Compare the experimental data with current procedures predicting longitu­
dinal bridge movements.
6. Develop recommendations regarding bridge joint design. From the experimen­
tal results, useful information regarding bridge joint design will be provided 
to bridge engineers, designers, and researchers.
The research includes the following tasks:
1. Instrumentation of the experimental bridge. Since the overall objective is to 
evaluate the longitudinal movements that mostly affect expansion joint design, 
the instrumentation is designed to acquire these movements. The instrumen­
tation includes setting of permanent benchmarks for optical measurements 
and placement of electronic and other types of measuring devices on key lo­
cations of the bridge.
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2. Field monitoring of the bridge 011 a regular scheduled basis. Short-term moni­
toring is conducted over 12 or 24 hour periods to assess the bridge movements 
due to temperature effects. A comprehensive mobile m onitoring system  com­
prised of a microcomputer and data acquisition system  and a total station 
theodolite is used for the monitoring.
3. The development of computer programs that analyze the field data as related 
to joint movements.
4. A study of joint movement characteristics based on the experimental data 
obtained.
5. A comparison of experimental data with existing procedures predicting longi­
tudinal bridge movements.
C h ap ter II  
B rid ge  M ea su rem en ts
2.1 B rid ge D escr ip tio n
The bridge to be investigated is the east approach of the U.S. 190 highway over the 
Atcliafalaya River at Krotz Springs, Louisiana. It consists of cast-in-place concrete 
slabs acting compositely with either concrete or steel girders. The concrete girders 
are AASHTO type IV pretensioned girders. The steel girders are built-up plate 
girders.
This superstructure is supported by twelve bents as shown in Figure 2.1. The 
abutment is labeled bent 1 and the rest of the bents are numbered in ascending 
order from East to West. Five expansion joints are provided to allow for expan­
sion/contraction of the bridge. These joints are numbered 1 through 5 in consecutive 
order from East to West as shown in Figure 2.1. Joints 1 through 4 are membrane 
(strip) seal joints while joint 5 is a toothed type joint. Dim ensions and sizes of these 
joints are given in Table 2.1. The bridge continues over the river as a steel through 
truss, however only the east approach was instrum ented.
The section of the approach lying between expansion joints 2 and 3 is labeled 
unit 2. It is the longest single span of the approach at 140 feet. It consists of a 
cast-in-place 8 1 /2  inch thick slab acting com positely with four 72 inch deep steel 
plate girders. A typical cross section is shown in Figure 2.2. The adjacent steel 
girders are braced with cross steel bracing at 25 feet intervals.
The other three sections of the approach (unit 1 between expansion joints 1 and 
2, unit 3 between expansion joints 3 and 4, and unit 4 between expansion joints 
4 and 5) consist of a 7 1 /2  inch thick slab acting com positely with five type IV 
AASHTO prestressed concrete girders. A typical cross section is shown in Figure 
2.3. The adjacent girders are connected with 8 inch thick concrete diaphragms
13
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TABLE 2.1 Dimensions of Joints and Seals.
EXPANSION JOINTS AT 68 DEGREES F.
JOINT LOCATION JOINT OPENING STRIP SEAL
BENT 1 2" 3"
BENT 4 1" 2"
BENT 5 1 1/2" 4"
BENT 8 1 1/4" 3"
WEB ---------■
S T IF F E N E R W EB 
( A 3 6 )
P L 7 /  1 6 x 7 2
BOTTOM F L A N G E  
( A  5 7 2 )
P L 1 ^ x 2 2  OR PL 1/4 x 2 2  
OR P L  1^4* 2 2
4 ' - 5
21' -  5
FIGURE 2 .2  T y p ic a l C ross S e c t io n  o f  th e  Slab and S t e e l  P la te  G irder Com posite S e c tio n
20'-0
AASHTO TYPE IV 
P. P.O. GIRDERS
FIGURE 2.3 Typical Cross Section of the Slab and Prestressed Concrete Girder 
Composite Section.
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located at the middle of each span as well as one foot away from each expansion  
joint. In addition, the adjacent girders are also connected with concrete diaphragms 
over each continuous bent. The continuous joints were constructed at the time the 
slabs were poured. Actual details o f the continuous joint construction are discussed 
later in this section.
The section of the approach between expansion joints 1 and 2 is labeled unit 1. 
It is continuous over two interm ediate bents. The section begins at the abutment 
(bent 1), crosses bents 2 and 3, and ends at bent 4. Each of these three spans is 
approximately 72 feet in length.
The section of the approach between expansion joints 3 and 4 is labeled unit 3. It 
is also continuous over two interm ediate bents. The section begins at bent 5, crosses 
bents 6 and 7, and ends at bent 8. Each of these three spans is approximately 87 
feet in length.
The last section of the approach lies between expansion joints 4 and 5 and is 
labeled unit 4. It is continuous over three intermediate bents. The section begins 
at bent 8, crosses bents 9, 10, and 11, and ends at bent 12. Each of the four spans 
is approximately 87 feet in length.
The supporting bents 2 through 5 consist of concrete caps poured at the top of 
30 inch square precast concrete piles. Bents 4 and 5 each have five piles supporting 
the cap as shown in Figures 2.4 and 2.5. The cap is stepped to allow the top of 
the steel girders to match flush at the same level as the top of the concrete girders. 
Bents 2 and 3 each have four precast concrete piles supporting the cap as shown in 
Figures 2.6 and 2.7. These caps are flat since the concrete girders are continuous 
over these bents.
The supporting bents 6 through 11 consist of concrete caps poured at the top 
of two 54 inch diameter cast-in-place concrete columns as shown in Figures 2.8 and 
2.9. The caps are flat since each of these bents support concrete girders of the same 
depth.
C O M PO SITE SECTION WITH
S L A B  AND P. P .C . G I R D E R S
COM POSITE^ 
SEC TIO N  
WITH SLAB 
AND S T E E L  
G I R D E R Sco
fTAWAV^ AKJJA \ f l An a um vjmivrrw u hpwaujav/avja» 57?* v* imwyA wai' >77̂V7AV/7SV//
4  @ 9 5 3 0  S QUARE P R E C A S T  
C O N C R E T E  P I LES
( a )  S E C T I O N  T H R O U G H  B R I D G E  ( b )  E L E V A T I O N
FIGURE 2 .4  S e c t io n  Through B ridge and E le v a tio n  o f  B ents 4 and 5 .
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FIGURE 2 .5  P h otograp h s o f  N orth  E le v a t io n  and B r id ge  S e c t io n  o f  B ent 5
COMPOSITE SECTION WITH
SLAB AND P.P.C. G IR D E R S
CVJ
//Av/mVA 'A'VA'- VAWAfWAlW
4  P R E C A S T  C O N C R E T E  
P I L E S  3 0 " S Q U A R E
( a )  S E C T I O N  T H R O U G H  BRIDGE ( b )  ELEVATI ON
FIGURE 2 .6  S e c t io n  Through B ridge and E le v a tio n  o f  B ents 2 and 3 .
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FIGURE 2 .7  P h otographs o f  N orth  E le v a t io n  and B rid ge  S e c t io n  o f  Bent 3 .
CO M PO SITE  SECTIONS WITH
SLABS AND P. P. C. GIRDERS
l l2  5 4  DI AME T E R 
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( a )  S E C T I O N  T H R O U G H  B R I D G E  ( b )  E L E V A T I O N
FIGURE 2 .8  S e c t io n  Through B ridge and E le v a tio n  o f  B ents 6 -  11.
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FIGURE 2 .9  P h otograp h s o f  N orth E le v a t io n  a n d -3 r id g e  S e c t io n  o f  Bent 6 .
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Bent 12 consists of two 30 inch diameter cast in place concrete columns anchored 
to an existing bridge pier as shown in Figures 2.10 and 2.11. This pier also supports 
the end pins of the steel bridge truss which crosses the river.
The ends of the girders at the expansion joints and at the continuous joints over 
the bents were placed on neoprene bearing pads. The girder ends were connected 
to the bent caps in one of the following ways:
1. At continuous joints, girders are fixed to the bent cap. This was done by 
imbedding a dowel into the cap extending into the continuous joint. Details 
of this type of connection are given in Figure 2.12 and pictured in Figure 2.13.
2. At the expansion joint locations, some girders are fixed to the bent cap. The 
connection consists of a steel angle-shaped bracket bolted to both the girder 
and the cap. The bolt holes do not allow for any movement between the cap 
and the girders.
3. At the expansion joint locations, some girders are allowed to.slide on the cap. 
This type of connection consists of a steel angle-shaped bracket with slotted  
holes which allows for movement. Details of this type of connection are given 
in Figure 2.14.
The location of each type of joint connection is shown in Figure 1.1. Fixed joint 
connections are denoted by the letter “F ” while joints allowed to  move (or slide), 
are denoted by the letter “E” .
The order of the bridge construction and some of the im portant construction 
dates will be now discussed. By the start of this research project (October 1986), 
the supporting bents had been erected. The girders (both steel and concrete) were 
fabricated in the manufacturing plant and transported to the bridge site. They were 
placed on the bents in a simply supported manner as shown by the photograph in 
Figure 2.15. Once in place the girders were connected to each other and to the 
bents by the use of diaphragms and connections as discussed earlier. It was during
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FIGURE 2.12 Details of Fixed Type Connection at Continuous Joints.
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that period of construction when the first instrum ents were installed. Finally each 
deck was constructed as a separate continuous pour. The first slab to be poured 
was unit 1 followed by units 2, 3, and 4. These slab sections were poured at two 
week intervals. During the pouring of unit 4, a mechanical failure occurred and the 
construction could not be com pleted in one pour. A construction joint (cold joint) 
was therefore formed near bent 11. This slab was completed 3 weeks later. Some 
of the im portant construction dates are given in Table 2.2.
Besides the interruption which occurred in the pouring of unit 4 slab, no other 
major construction problems were encountered. However, a problem was developed 
with the steel truss supporting pins of bent 12 which delayed construction consid­
erably. The pins were found to  be defective allowing the formation of high stress 
concentrations at the connection due to thermal expansion of the truss. This stress 
build-up would on occasion release causing vibrations and loud noises to occur. This 
problem was later solved by replacing and modifying the pin assemblies.
In October 27, 1988 construction was completed and the bridge was opened to 
traffic.
2.2 D escr ip tion  o f  B rid ge M easu rem en ts
After a careful consideration o f the objectives of this research and review of related 
publications, it was decided that the following measurements would give a thorough 
evaluation of joint movements.
1. Measurements near the top and bottom  of the girders at the expansion joints 
- These measurements give the relative longitudinal movements between the 
two adjoining com posite sections. Due to restraints in the placement of the 
instrum entation, the relative movements at the top of the sections could not 
be measured directly. However they could be calculated from the two actual 
relative measurements taken near the top and bottom  of the girders. The 
assumption that plane sections remain plane was made and it was later proved
TABLE 2.2 Some Important Construction Dates.
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to be valid. Validation of this assumption is given in Appendix A. It was 
therefore adequate to install only two instrum ents at each girder end, and 
linearly extrapolate the readings to any desired point. Also of interest are 
the relative movements of the com posite sections at their neutral axes. These 
movements are not measured directly but are also derived using the actual 
m easurements taken near the top and bottom  of the girders.
2. M easurements between the supporting bent cap and one of the composite 
sections at the expansion joints - These m easurements are taken near the 
top and bottom  of the girder. The rotation and movement of the composite 
section with respect to the cap can be calculated from these measurements. 
In addition the rotation and movement of the other com posite section at the 
joint can be obtained by using these relative movements in combination with 
the movements discussed previously in item  1.
3. Measurements of the sway of the bents supporting the girders at the expansion 
joints - The movements of the bent caps in the horizontal direction parallel to 
the roadway are directly obtained from these measurements. The horizontal 
movements in the direction parallel to the roadway of any point along the 
length of the columns are also directly obtained from these measurements.
4. Measurements of tem peratures through the depth of the com posite section - 
The tem peratures are recorded at the same tim e as any other measurements 
are taken. These temperatures include top, middle, and bottom  of slab, top, 
middle, and bottom  of girder, and ambient tem perature.
5. Tim e M easurements - Tim e is also recorded while taking any other measure­
m ents, thereby giving a tim e reference.
Each of the measurements will be shown graphically as they are discussed in the 
instrum entation section. The movements calculated from these measurements will 
also be shown as they are addressed in this report.
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2.3 In stru m en ta tio n
After a careful study of many measuring devices, three types of instrum ents were se­
lected to be used in this research. Linear variable differential transformers (LVDT’s) 
were chosen to acquire the measurements of relative joint movements. A theodolite 
was chosen to acquire the bent sway. Finally, type T copper-constantin therm ocou­
ples were used to  obtain all tem perature measurements.
The LVDT’s and thermocouples were wired to the monitoring station where 
they would be connected to a Hewlett Packard microcomputer and data acquisition 
system  which would store the readings as well as the tim e for later processing. 
Electrical power for the system  was supplied through a portable generator. The 
theodolite readings were taken and recorded in a field book by hand and later 
transcribed into the computer for processing.
Each of the measuring devices is discussed in the following sub-sections.
2 .3 .1  L in e a r  V a r ia b l e  D i f f e r e n t i a l  T r a n s f o r m e r s  ( L V D T ’s )
An LVDT is an electromechanical transducer that produces an electrical output 
proportional to the displacement of a separate movable core. It has many com ­
mendable features that make it useful for a wide variety of applications. It consists 
of a primary coil and two secondary coils symmetrically spaced on a cylindrical 
form. A free-moving rod-shaped magnetic core inside the coil assembly provides a 
path for the magnetic flux linking the coils. W hen the primary coil is energized by 
an external AC source, voltages are induced in the two secondary coils. These coils 
are connected in series so the two voltages are of opposite polarity. Therefore the 
net output of the transducer is the difference between these voltages, and is zero 
when the core is at the center or null position. W hen the core moves from the null 
position it produces a differential voltage output that varies linearly with changes 
in core position. This operation can be utilized to measure the change in distance 






FIGURE 2.16 Example of LVDT Operation.
TIM E= 0  
READING 
= 0




fixed to point M and the LVDT core is attached to point L. At tim e zero the LVDT 
core is set at the null position and the reading is zero. At som e tim e t, the point L 
has moved 0.3 inches closer to  point M. As a result of the core movement, a voltage 
is produced which when multiplied by the linearity factor of the LVDT results into 
a reading of + 0 .3  inches. The sign is positive because the points moved closer to 
each other. The sign would have been negative if the points had moved apart.
As suggested in other publications, such as M ortlock’s study, ((M ortlock (1974)) 
LVDT’s can consistently and accurately measure movements across a bridge joint. 
The LVDT’s exhibited both advantages and disadvantages which were relevant to 
this research. The main advantages were the following:
1. Combined with a data acquisition system  and m icrocom puter, all LVDT’s 
placed on the bridge could be read nearly simultaneously.
2. Because LVDT readings are taken electronically, the tim e required to take 
and store the LVDT data was very small. All of the LVDT’s on the bridge 
were monitored within 30 second intervals.
3. The rugged construction of the LVDT’s perm itted them  to continue to func­
tion properly even after exposure to substantial shock loads and high vibration 
levels due to live loads, including traffic.
4. Hermedically sealed LVDT’s are constructed of materials that can be exposed 
to corrosive liquids or vapors and can operate at extremely high or low tem ­
peratures. Thus LVDT’s were left at the bridge site during the course of the 
research without concerns of damage or malfunction due to environmental 
conditions.
The main disadvantages of using LVDT’s were as follows:
1. LVDT’s could only be used to establish local relative movements of the girder 
ends at the expansion joints. It was not possible to use LVDT’s to obtain the 
movement of the supporting bents.
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2. Because LVDT’s are sensitive and expensive devices, they could not be in­
stalled during heavy construction. Therefore readings were taken only after 
the slab forms were removed.
In the case of the Krotz Springs bridge, LVDT’s were chosen to obtain the 
measurements at the locations shown in Figure 2.17. The label at each location  
indicates the expansion joint number and the side on which it lies (North or South). 
Due to construction delays and the presence of equipment and construction forms, 
the instrum entation of expansion joint 5 was not possible. The instrum ents were 
placed at the inner sides of the exterior girders in order to protect them  from the 
outer environment. They were mounted on specially m ade aluminum brackets and 
attached to the girders using epoxy. The use of brackets would allow for replacement 
of a defective LVDT and ease of removal in case of vandalism or project completion. 
The placement of the LVDT’s and the subsequent formulations needed to obtain  
the movements at specific locations are addressed in the following paragraphs.
The two LVDT locations at the abutm ent, IS and IN , are the first to be dis­
cussed. A side view of a typical section at the abutment is shown in Figure 2.18. 
An arbitrary displacement is denoted by the dashed line. The assumption that the 
abutment would remain stationary was made and was later proved to be correct by 
theodolite measurements. It was therefore necessary to install only two LVDT’s to 
allow for calculation of S t , Sc, Sbw  and 6w  as shown in Figure 2.18. The positions 
of the LVDT’s are shown in Figure 2.19. The LVDT labeled A was placed near the 
top of the girder. The body is secured to the girder and the core is fixed to the 
abutm ent. It was preferable to  place this LVDT at the top of the slab in the ex­
pansion joint gap, however the instrument would not fit in that position. Therefore 
LVDT A was placed as high as possible. LVDT B was placed at the bottom  of the 
girder in a similar manner. Both devices were m ounted on the flanges of the girder 
allowing for ease of installation.
Each LVDT on the bridge is identified by position and location. For example, 
LVDT 1NA is the upper LVDT (A ) on the north side (N) of the first expansion joint
E J
I N
E J  2
2 S2 N
* i U  E J  3
3 S3 N
E J  4
4  N 4  S
E J  5
*  Locat ion of LVDT's 
E J  Expansion Joint
FIGURE 2.17 Plan View of Bridge Showing Locations of LVDT*
ABUTMENT
N. A.
/ F h£7}/\ \  / / A  / / V 7 > ?  V i ^ A W A  W A W / N W  A W A V / A  W V
Sbw
FIGURE 2.18 North Elevation of Expansion Joint at the Abutment 
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FIGURE 2.19 Positions of LVDT's for Locations at Expansion Joint 1. (Abutment).
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(1). The labels used in the formulations that follow consist only of position labels 
such as A and B. This is possible since each location at the abutm ent requires the 
same formulation.
The other com ponents needed in the formulations are shown in Figure 2.20. 
Distance d  is the depth of the section as given in the bridge plans and actually 
measured. The distance from the top of the slab to the neutral axis is labeled 
y.  This distance was calculated using the m ethod of transformed sections. The 
moduli of elasticity of the slabs were obtained from tests conducted at the Louisiana 
Transportation Research Center. The moduli of elasticity of the concrete girders 
were calculated based on the specifications given in the bridge construction plans. 
The effective w idths, depths, modulus ratio, and distances to the neutral axes used 
in the numerical calculations are given in Table 2.3. Once y  was found, the distance 
from the neutral axis to LVDT A was then determined and labeled a. The distance 
from the neutral axis to LVDT B was also determined and labeled b. As soon as 
the LVDT’s were in place, tested and found to be in working order, they were all set 
to zero. This operation was done at 8:00 a.m . on October 22, 1987. All movements 
recorded by the LVDT’s are therefore referenced to that zero datum.
Now consider the expansion joint at the abutment som e tim e after the zero 
datum . As seen in Figure 2.21, the com posite section is assumed to move as in 
Figure 2.18 previously. This movement is taken as a positive movement, in which 
the com posite section is m oving away from the abutment (opening of the joint) and 
rotates clockwise. The distance labeled A  A  is the reading recorded by LVDT A. 
The reading taken by LVDT B is shown as the distance A B .  The readings are 
actually negative since the points to which the LVDT’s are connected have moved 
apart. If they had moved closer to each other, then the readings would be positive. 
It was therefore necessary to reverse the sign of the LVDT readings during data 
processing.
Having established the measurements of the two LVDT’s, the required move­




FIGURE 2.20 North Elevation of the Abutment Showing Measured 
Positions of LVDT's.
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TABLE 2.3 Properties of Composite Sections.
Description Effective 
Slab Width
d Eg / Es y
7 1/2" Slab
AASHTO Type IV 105" 61.5" 1.14 21.3"
P.P.C. Girders
8 1/2v Slab







North Elevation of the Abutment Showing Movements 
and LVDT Measurements Required to Calculate the 
Movements.
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m ent is denoted by Ow.  It is taken positive in the clockwise direction. The change 
in slope of the section is calculated by taking the difference between the LVDT 
measurements and dividing it by the distance between them . This change in slope 
can be converted to a rotation using the arctangent. The equation for rotation is 
thus written as follows:
- ( ^ )
The movement of the joint at the top of the slab is labeled St.  It is calculated 
by adding the distance labeled St  to the LVDT A measurement A  A .  The equation  
for St  can be written as follows:
St =  A A  +  St  (2.2)
The distance St is found using trigonometric relations. The change in slope of the 
end of the section multiplied by the distance from the top of the slab to LVDT A 
gives St.  The equation for St  is written as follows:
St — ( y  — a)(tan  Ow)  (2.3)
Since A  A  is measured and St. is calculated, St  is obtained as follows:
St =  A  A  +  ( y  — a)(tan Ow)  (2.4)
The movement of the joint at the neutral axis is labeled Sc.  This movement, can 
be obtained by subtracting from the measurement of LVDT A, A  A ,  the distance 
labeled Sc.  The equation for Sc is written as follows:
Sc =  A A  -  Sc (2.5)
The distance Sc is calculated simply by m ultiplying the change in slope by the 
distance from LVDT A to the neutral axis. The equation for S c  is written as 
follows:
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Sc =  ( a ) ( t a n  0iu)  (2-6)
Since A A  is measured and Sc is known from calculations, the equation for Sc can 
be written in the following form:
Sc == A A  — (o)(tan  Ow)  (2-7)
Similarly the relative movement at the bottom  of the com posite section with 
respect to the abutm ent, S b w , is given as follows:
Sbw  =  A B  — ( d  — y  — b)(tan Ow) (2 -8 )
Equations 2.1 through 2.8 apply to either of the LVDT locations at the abut­
m ent. These equations are used to obtain the required movements at any tim e after 
the zero datum , which is 8:00 a.m . of October 22, 1987.
For all LVDT locations other than the abutm ent, a different set of equations were 
developed. Consider Figure 2.22 which shows the side view of a typical expansion 
joint before and after movement has occurred. As seen in the figure each composite 
section of the expansion joint moves independently of the other. Therefore the total 
movement of the joint, whether at the top or at the neutral axis, is made up of two 
com ponents, that of the eastward section and that of the westward section. The 
total movement of the expansion joint at the top of the slab is simply the sum of 
Sic  and Stic.  This movement is given in equation form as follows:
St — Ste  +  S t w  (2-9)
Similarly the total movement of the expansion joint at the neutral axes is the sum  
of See  and Sew.  This movement is given as follows:
Sc — See +  Sew  (2.10)
The movement at the bottom  of the eastward section is denoted by Sbe and that of 
the westward by Sbw.  The rotations of each section are independent of each other 
and are shown clearly as 0e and Ow in Figure 2.22.
II
Ste





FIGURE 2.22 North Elevation of a Typical Expansion Joint, other than the 
Abutment, Before and After Longitudinal Movement.
oo
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In each of the LVDT locations, other than the abutm ent, four LVDT’s were 
installed in order to find the m ovem ents discussed. These LVDT’s were tested and 
set to zero at the same tim e as those at the abutm ent. Therefore all readings are 
taken with respect to the zero datum  time. In the formulation of the equations it 
is assumed that the effects of the bent cap rotations are negligible. The positions 
of the LVDT’s are shown in Figure 2.23. The LVDT’s labeled A and B have their 
bodies secured to the westward com posite section, while their cores are anchored 
to the bent cap. This was accomplished by fixing an angle iron vertically on the 
bent cap. These two LVDT’s are acting in a similar manner as the two placed at 
the abutment locations. The LVDT’s labeled C and D are needed to account for 
the movement of the eastward com posite section. It should be emphasized that 
LVDT C is at the same horizontal level as LVDT A and that LVDT D is at the 
sam e horizontal level as LVDT B but for ease of presentation they are shown as in 
Figure 2.23. LVDT’s C  and D have their bodies secured to the westward composite 
section and their cores secured to the eastward com posite section.
The other components needed for the formulation are shown in in Figure 2.24. 
The depth of the eastward com posite section is labeled de,  while the depth of the 
westward section is labeled d w .  The distances to the neutral axes were found in the 
manner discussed earlier. The distance to the neutral axis on the eastward side is 
labeled y e ,  and that of the westward side is labeled yxo. The actual numbers used 
in the calculations are given in Table 2.3. The distances to the LVDT’s are given 
with respect to the westward neutral axis. The distances to LVDT’s A, B, C, and 
D are labeled a, b, c, and d respectively. It should be again noted that distance 
a and c are actually equal. Also distance b is equal to distance d. Some of these 
distances differ from location to location, therefore the calculations of movements 
at each location were done with the corresponding components.
Only the position labels such as A, B, C, and D will be used in the formulation. 
This is possible since at all locations other than the abutment there are four LVDT’s 








( a )  E L E V A T I O N  ( b )  S E C T I O N  T H R O U G H  B R I D G E
FIGURE 2.23 North Elevation and Section Through Bridge of a Typical Expansion 







BE NT  CAP
FIGURE 2.24 North Elevation of a Typical Expansion Joint 
Showing Measured Positions of LVDT's.
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the location label is needed as well as the position label such as LVDT 3SC.
Now consider a typical expansion joint after som e movem ent has occurred as 
shown in Figure 2.25. The measurements obtained from the LVDT’s are used to 
find St,  Sc,  Sbe,  Sbw,  6e and Bw.  The distance A A  is the direct reading taken by 
LVDT A. The distance A B  is the direct reading of LVDT B. The direct reading 
of LVDT C is not easily shown graphically, however to make it clear it is shown in 
two com ponents, A  C e  and A  A. Although it is not shown in the figure, A C  is the 
reading taken by LVDT C and can be written as follows:
A C  =  A A  +  A C e (2.11)
From which:
A C e =  A C  — AA (2 .1 2 )
The direct reading taken by LVDT D is also not easily shown graphically but can 
be clearly shown in two com ponents, A D e  and A B .  Although not shown in the 
figure, A D  is the reading taken by LVDT D and can be written as follows:
A D  =  A B  +  A D e  (2.13)
From which:
A D e  =  A D  -  A B  (2.14)
All of the distances shown in Figure 2.25 have been defined by direct LVDT readings, 
so they may be used to calculate the desired movements.
The rotations of the ends of the com posite sections are positive as shown in
Figure 2.25. The angles of rotation are found by taking the arctangent of the change 
in slope. The equation for the rotation Bw of the westward com posite section is as 
follows:
( A  A  -  A  B \  / 0  ,
Bw =  tan I  -—  ) (2.15)
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FIGURE 2.25 North Elevation of a Typical Expansion Joint, other than the Abutment,




Similarly the rotation Oe of the eastward com posite section is given as follows:
/ A D e  — A C e \  , n- t n \
#e = ta,r ( 7+1 ) <2'16)
The m ovem ent of the joint at the top of the slab is labeled St  and can be found
by adding the eastward and westward components as given in equation 2.9. The 
westward component can be expressed as follows:
S t w  =  A A  +  (y w  — a)(tan Ow)  (2 .IT)
The eastward component is given as follows:
Ste  =  A C e  +  ( y e  — a)(tan Oe) (2.18)
The total movement of the joint at the top of the slab is thus found by combining
equations 2.9, 2.17, and 2.18:
St — A A  +  ( y w  — a)(tan Ow)  +  A C e +  ( y e  — a)(tan Oe) (2.19)
The movem ent of the joint between the neutral axes of each section is labeled
Sc and can be found by adding the eastward and westward com ponents as given in 
equation 2.10. The westward component can be expressed as follows:
Sew  =  A A  — (a)(tan Ow)  (2.20)
The eastward component is written as follows:
See =  A C e — (a)(tan Oe) (2.21)
The total movement, of the joint at the neutral axes of the section is therefore found
by combining equations 2 .1 0 , 2 .2 0 , and 2 .2 1 :
Sc =  Adi — (o)(tan Ow) +  A C e  — (o)(tan Oe) ( 2 .22 )
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In a similar manner the movement of the bottom  of the com posite sections 
relative to the bent cap can be obtained. The movement of the westward section is 
given in equation form as follows:
Sbw =  A B  — ( d w  — y w  — 5)(tan 6 w )  (2.23)
Finally the movement of the eastward section is given as:
Sbe =  A  D e  — (de  — y e  — 6 )(tan Oe) (2.24)
To summarize this section, LVDT’s were used to take measurements such that 
St,  Sc, Sbe, Sbw,  Oe, and Ow can be calculated for the north and south locations 
of each expansion joint monitored. The LVDT readings are used in conjunction 
with the equations discussed in this section to find the desired movements. The 
movements of the expansion joint at the abutment are obtained by using equations 
2.1, 2.4, 2.7, and 2.8. The movements for all other joints instrum ented are obtained  
by using equations 2.17, 2.18, 2.19, 2.22, 2.23, and 2.24. The entire set of LVDT’s 
began operation at 8:00 a.m. on October 22, 1987. At that tim e all LVDT’s were 
set to zero and monitoring began. The monitoring schedule is discussed in section 
2.4.
2 . 3 . 2  T o t a l  S t a t i o n  T h e o d o l i t e
The total station theodolite can measure the horizontal angle, the vertical angle and
the distance between itself and a point, as long as the point reflects light. These
measuring capabilities can be combined to find the movement of points strategically 
marked on the bridge. First the horizontal and vertical movement of each point 
can be determined, then this information is combined to obtain the movement of 
structural components of the bridge.
The m ethod used for determining the movement of a single marked point is 
explained with the aid of Figure 2.26. The point labeled SP is the setup point over 






FIGURE 2.26 Plan View of Theodolite Example Before Movement.
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which the horizontal angles are turned. Both SP and R P are benchmarks perma­
nently fixed in their positions on the ground. The bridge marker is a permanent 
marker attached to the bridge. The measuring procedure is as follows:
The theodolite is set up over SP and the horizontal angle is measured between 
RP and the bridge marker. The angle is labeled a  1, and it represents the original 
horizontal position of the bridge marker with respect to RP. A side view of the 
sam e setup is given in Figure 2.27. The height at which the theodolite is positioned 
will be the vertical reference line. The vertical angle is turned from the vertical 
reference to the bridge marker, and it is labeled 7 I. This angle represents the 
original position of the marker with respect to the vertical reference. The distance 
labeled T is the distance from the theodolite to  the marker, and can be measured 
with the theodolite. The distance labeled X, shown in both Figures 2.26 and 2.27, 
is the horizontal projection of the distance between the bridge marker and SP. It 
is found by multiplying distance T by the COS7 I. This is given in equation form as 
follows:
X  =  ( r ) ( c o s 7 l )  (2.25)
Consider the same bridge marker at another day after some movement has oc­
curred as shown in Figure 2.28. The theodolite is set up over the sam e SP, and 
again a horizontal angle is turned from RP. This new horizontal angle is labeled a2. 
The change in horizontal angle is labeled (3 and is defined as follows:
(3 =  a 2 - a l  (2.26)
Thus the horizontal movement is found as follows:
A H  =  (Ar)(tan/3) (2.27)
Positive change indicates that the marker has moved in the westward direction and 
negative change indicates eastward movement.
The marker may also experience a vertical change as seen in Figure 2.29. The 

















FIGURE 2.29 Elevation View of Theodolite Example After Movement.
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the vertical reference to the bridge marker. This new vertical angle is labeled 7 2 . 
The vertical movement is found as follows:
A V  =  (A~)(tanT2 -  t.anTl)  (2.28)
Positive change indicates that the marker has moved upwards.
The theodolite is thus capable of determining the horizontal and vertical move­
ment of any marker placed on the bridge. The use of the theodolite had both 
advantages and disadvantages which were relevant to this study. Main advantages 
were the following:
1 . Markers could be placed on bridge components, as they were being built. 
Therefore, the movement of any component of the bridge could be measured 
starting on the day it was put in place rather than waiting for all construction 
to be completed.
2. Markers could be attached on any portion of the bridge, allowing for the 
acquisition of movements of the supporting bents as well as movements of the 
expansion joints.
The main disadvantages were the following:
1. The tim e required to obtain a complete set of readings was about five to six 
hours. It was possible for movements to occur during the reading process.
2. The theodolite readings are dependent on a human operator therefore the 
accuracy is not nearly as that of electronic readings.
3. It is difficult to prove that the reference marker or the setup points are non­
moving. Therefore backup readings were taken during each day of theodolite 
readings.
In the case of the Krotz Springs bridge, the theodolite was used to obtain the 
sway of the supporting bents. It was also used to take measurements which allow
62
for calculation of relative joint m ovem ents during initial construction phases, since 
LVDT’s could not be placed during that time. The theodolite readings began in 
January of 1987, therefore the references were set at that time.
One setup point was constructed for each supporting bent, therefore a total of 
twelve setup points were constructed. A central reference point was constructed on 
the levee to allow for visibility from all setup points. A schematic diagram showing 
the bridge and the arrangement of the setup points is shown in Figure 2.30. Each 
setup point is labeled SP and the bent number with which it is associated. The 
setup points and the reference point are made up of cast in place concrete columns 
reinforced with three # 4  reinforcing bars. Each column is five feet in length with 
four feet in the ground and one foot above the ground. The top of the setup points is 
marked by a brass plate embedded in the concrete. The photo in Figure 2.31 shows 
the theodolite positioning above one of the setup points. The top of the reference 
point is a reflector with its center well marked. The reflector allows for distances to 
be determined when used in conjunction with the theodolite. The reference point 
is pictured in Figure 2.32.
Bridge markers were placed on the north side of every bent so they could be 
monitored by the theodolite positioned over the setup points. The bridge markers 
were placed in two distinct configurations.
The first configuration is the one used on all bents supporting continuous joint s 
as shown in Figures 2.33 and 2.34. The exact number of markers is dependent 
on the height of the bent and range from four to eight. The markers are always 
numbered in the same manner from top to bottom . They are identified by a hyphen 
and a bent number. For exam ple the marker 1-10 is the top marker at bent ten.
The second configuration is the one used at all bents supporting expansion joints, 
including the abutment, as shown in Figures 2.35 and 2.36. The exact number 
of markers again depends on the height of the particular bent. The markers are 
numbered the sam e for each expansion joint with the first and third markers placed 
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FIGURE 2.30 Plan View of Bridge Showing Theodolite Setup and 
Reference Points.
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FIGURE 2.31 Photograph of Theodolite Over Setup Point.
65





FIGURE 2.33 Marker Placement on a Typical Bent Supporting 
a Continuous Joint.
FIGURE 2.34 Photograph Showing Markers Placed on Bent 7 Which 






FIGURE 2.35 Marker Placement on a Typical Bent Supporting 
an Expansion Joint.
FIGURE 2,36 Photograph Showing Markers Placed on Bent 8 Which 
Supports an Expansion Joint.
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westward girder ends. The fifth marker is placed on the cap except at the abutment 
where there is no cap.
The m ethod of determining the movement of the bridge from the movement of 
the markers is now addressed. The markers’ relative positions to the calculated 
neutral axes were found in the same manner as with the LVDT’s. The labeling of 
the markers for continuous joints is shown in Figure 2.37, while the distance labels 
at. the expansion joints are shown in Figure 2.38. The distance from the top of the 
sections to the calculated neutral axes are again labeled y .  The distances from the 
neutral axes to each marker is labeled as y and the marker label. Each distance 
is measured with respect to the neutral axis of the section on which the marker is 
located. As with the LVDT’s, the exact numbers used in the calculations are given 
in Table 2.3.
Since this study is concentrated in the investigation of the movements at the 
expansion joints, only these movements will be addressed in the following formu­
lations. D ata collected at the continuous joints are for later research and are not 
addressed in this report.
Consider an expansion joint after some movement, has occurred, as shown in 
Figure 2.39. It is assum ed that the supporting bent, has experienced som e sway as 
well. The total movement of the top of the joint is again found from the two moving 
com ponents as follows:
8t  =  8 i e  4- 8 t w  (2.29)
Where 8te  and 8 i w  are the movements of the top of the respective sections and are 
positive as the joint opens and negative as it closes. Therefore Si is positive for 
opening of the joint and negative for closing of the joint..
The movement, of the joint at the calculated neutral axes also cosists of two 
com ponents and is written as follows:
8c — 8ce 4- 8cw (2.30)
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FIGURE 2.39 North Elevation Showing Expansion Joint 
Before and After Movement.
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Where Bee and Bciv are the movements of the neutral axes of the respective sections 
and are positive as the joint opens and negative as it closes. Therefore 8c is positive 
for opening o f the joint and negative for closing of the joint. The rotations Be and 
Bw are positive as shown in Figure 2.39.
The sway of the supporting bent is positive in the westward direction. The 
sway of the bent at. any height is labeled A s and a number representing its height. 
Therefore the sway of a marker located at 30 feet above the ground is denoted by 
A s(30). The sway of the cap is labeled Ap and is again positive in the westward 
direction.
Figure 2.40 shows the same expansion joint after some movement had occured 
and the bridge markers which have moved accordingly. Horizontal movement is 
labeled A  and a marker label. Vertical movements are assumed to be small and are 
neglected in this formulation, however they are recorded in case they are found to 
be excessive. The movement of the markers are obtained with the theodolite and 
the procedure discussed previously.
The sway of the bent cap A p  is obviously the same as the horizontal movement 
of the marker number 5, therefore:
A p  =  A 5 (2.31)
Also the sway of the column at the specified height is the same as the horizont al 
movement of the marker placed at that height, therefore:
A s(5 ) =  A 7 (2.32)
And:
A s(15) =  A 6 (2.33)
The rotations of the sections are found using trigonometric relations. The rota­
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FIGURE 2.40 North Elevation Showing Expansion Joint 
and Markers Before and After Movement.
76
#e = tan"  ( r a f )  (2'34>
The westward rotation is similarly given as:
( f a s t e n - 1 ( A } ~ A * )  (2.35)
\ y 2  +  y4 /
The movement of the top of the eastward com posite section is labeled 8te  and 
is given as follows:
8 te  =  A l  +  ( y e  — j/l)(ta n  6e)  (2.36)
The movement of the top of the westward com posite section is similarly expressed  
in the following form:
6 t w  =  A 2 +  ( y w  — t/2)(tan div)  (2.37)
Therefore combining equations 2.29, 2.36, and 2.37, the total movement of the joint 
at the top of the slab is given as follows:
8t =  A l  +  ( y e  — ? /l)(tan 0e) +  A 2 +  ( y w  — y 2 ) ( t a . n 0 w )  (2.38)
The movement at the neutral axis of the eastward com posite section is labeled 
8ce.  It is given as follows:
8ce — A l  — (y l)(ta n  de)  (2.39)
In a similar manner the movement at the neutral axis of the westward composite 
section is expressed as:
8 cw  =  A 2 — (y2)(tan dxo) (2.40)
Therefore the total movement of the joint at the neutral axes of the two sections is 
found by combining equations 2.30, 2.39, and 2.40:
8c =  A l  — (y l )(tan #e) +  A 2 — ( i/2)(tan Q w ) ( 2 .4 1 )
Each tim e the theodolite was used for monitoring, the entire set of readings were 
taken. In addition, during monitoring days with LVDT’s, the theodolite was used 
to obtain the sway of the bent cap every three hours.
To summarize this sub-section, a Pentax total station theodolite was used to 
obtain the movement A p  o f the north side of the bents supporting the expansion 
joints. These movements were measured at the same tim e as LVDT readings were 
taken, so their references were set on October 22, 1987. On other days the theodolite 
was used to obtain measurements at the above mentioned bents to  allow for the 
calculation of A p ,  A s ,  8 t ,  8c,  0e,  and 6 w .  This is done with the aid of equations 
2.31, 2.32, 2.38, 2.41, 2.34, and 2.35 respectively. These m ovem ents are with respect 
to their references which were set on January of 1987. The monitoring schedule is 
discussed in section 2.4.
2 .3 .3  T h er m o c o u p le  W ires
Therm ocouple wires can be easily used to measure tem perature. Type T copper- 
constantin thermocouples presented three advantages which m ade them  the choice 
for this investigation. These are the following:
1. The tem perature range is such that both ambient and slab tem peratures could 
be accurately measured.
2. The thermocouples could be connected to the data acquisition system , allow­
ing all temperatures to be measured at the same tim e as LVDT readings were 
taken.
3. Thermocouple wire is fairly inexpensive, and preparation of the wire is very 
simple.
Therm ocouple extension wire type PP20TX  was chosen for recording the tem ­
perature of the Krotz Springs bridge slab and girders as well as the ambient temper­
ature. Since the temperature varies throughout the depth of the slab and girder, the
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thermocouples were placed along the depth of the section to detect this variation. 
Two different thermocouple arrays were used at the bridge as shown in Figure 2.41. 
Array # 1  consists of six thermocouples located on both slab and girder. Array # 2  
consists of three thermocouples placed only in the slab. The location of these two 
different arrays is shown in Figure 2.42. A total of thirty thermocouples were placed 
at these locations.
The slab thermocouples were placed near the top, center and bottom  of the 
slab at the tim e o f pouring, thus embedding them in the concrete. After the slab 
forms were removed, the other ends of the thermocouple wires were connected and 
run under the bridge to the data acquisition system  of the micro-computer at the 
monitoring station. The girder thermocouples were placed at a later time. These 
were bonded on the outer surface of the concrete girders using epoxy. A layer of 
hydraulic cem ent was applied over the epoxy after it had dried to ensure a more 
consistent therm al conductivity. As with the slab thermocouple wires, the girder 
therm ocouple wires were run under the bridge to the monitoring station.
Two additional thermocouples were placed hanging under the slab to record 
the ambient temperature. These thermocouples were also connected to the data  
acquisition system  as well.
2.4  B rid ge  M on itor in g  Schedu le
The theodolite readings began on January of 1987. Each full set of readings re­
quired five to six hours to com plete, therefore only one set of readings was taken 
on any monitoring day. In the beginning, readings were taken approximately every 
two weeks. As the effects of creep and shrinkage were anticipated to decrease, the 
frequency of data collection was gradually changed to a six week schedule. Tem­
peratures corresponding to the days of theodolite readings were acquii*ed from the 
Department of Climatology at Louisiana State University.
The LVDT’s were on line at 8:00 a.m. on October 22, 1987. The LVDT readings
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were taken approximately every month. On an alternate basis the LVDT readings 
were taken for 12 hours continuously, or 24 hours continuously. The thermocouple 
readings were recorded at the same tim e as the LVDT readings. In addition, during 
the days of data collection with the LVDT’s, the theodolite was used to obtain the 
sway of the supporting bent cap at the expansion joints. These theodolite read­
ings were taken every three hours in order to obtain a good pattern of movements 
throughout the day.
Monitoring has continued on schedule except for some minor interruptions. Five 
of the bridge markers have been destroyed, either accidentally by the construction  
crew or by vandals. These markers have been replaced and monitoring has contin­
ued. Also one LVDT at location 4S was found to be defective and the data collected 
from it were discarded. The monitoring schedule is summarized in Table 2.4.
i
TABLE 2.4 Bridge Monitoring Schedule.
1987 1988 1989
J F M A M J J A S O N D J F M A M J J A S O N B J F M A M J J
Theodolite
Readings
Bent 1 X X X X X X X X X X X X X
Bent 2 X X X X X X X X X X X X X
Bent 3 X X X X X X X X X X X X X
Bent 4 X X X X X X X X X X X X X
Bent 5 X X X X X X X X X X X X X
Bent 6 X X X X X X X X X X X X X
Bent 7 X X X X X X X X X X X X X
Bent 8 X X X X X X X X X X X X X
Bent 9 X X X X X X X X X X X X
Bent 10 X X X X X X X X X X X X
Bent 11 X X X X X X X X X X X X
Bent 12 X X X X X X X X X X X X
LVDT Readings + * + * + * + k +  k + k +
At Expansion 
Joints
x = One Set of Theodolite Readings 
+ = 24 Hour Set of LVDT Readings 
* = 12 Hour Set of LVDT Readings
00NJ
C h ap ter III  
E valuation  o f  B rid ge  B eh av ior
3.1 P resen ta tio n  o f  R esu lts
A tremendous amount of data was collected, but only the data required to evaluate 
the expansion joint movements as discussed in section 2.2 were processed and pre­
sented in this chapter. The notations and sign convention used in the figures that 
follow have been defined earlier but are again discussed in this section.
The amount the top of the joint had moved since the first day of monitoring 
is labeled S t , and is positive if the top of the joint had opened and negative if it 
had closed. The amount the joint had moved at the neutral axes of the sections 
is labeled Sc, and is again positive if the joint had opened and negative if it had 
closed.
The movements of the top and bottom  of the eastward section with respect to 
the bent cap are labeled Ste  and She, and are positive in the eastward direction. 
The movements of the top and bottom  of the westward section with respect to the 
bent cap are labeled S tw  and Sbw,  and are positive in the westward direction.
The rotation of the section at the eastward side of the joint is labeled Oe and is 
positive counter-clockwise. The rotation of the section at the westward side of the 
joint is labeled 0w  and is positive clockwise.
The amount the cap of the supporting bent had moved since the first day of 
monitoring is labeled A p ,  and is positive when the cap moved in the westward 
direction and negative when the cap moved in the eastward direction. The sway 
of the supporting bent along its length is labeled A s  and is again positive in the 
westward direction and negative in the eastward direction.
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3.2 LV D T R esu lts
The movements obtained using the LVDT instrum ents are given in Figures 3.1 
through 3.7. Each of the figures represents the movement of an expansion joint at 
one of the locations mentioned in section 2.3.1. The movements are expected to be 
the result of dead loads and thermal changes only. Since the LVDT’s were not in 
place until nine m onths after the slabs were poured, creep and shrinkage effects had 
dissipated. Traffic had not begun on the bridge until October 27, 1988, therefore 
the effects of traffic loads should not be considered until after that tim e. The plots 
are with respect to tim e on the horizontal axis. Each day of monitoring began at 
approximately 8:00 a.m. and lasted either 12 or 24 hours as seen in the plots. The 
vertical axes represent the movements of the expansion joints, except for the plot 
at the top of each figure, which shows the ambient tem perature and the middle slab 
temperature recorded during the days of monitoring. The m ovem ents labeled A p  at 
the left of the plots were measured with the theodolite, while the other movements 
labeled S te , 8 t w ,  6 t , 6b e , and 8biv were collected using LVDT’s.
The temperatures are the same for each of the figures since monitoring of all 
expansion joints was done nearly simultaneously. The slab tem perature used in 
the plots was measured at the center of the slab. It often rises above the ambi­
ent temperature during the heat of the day, mainly due to solar radiation. The 
daily trend of the slab tem perature is to begin near the ambient tem perature in 
the morning, rise higher than the ambient temperature during the day, and cool 
down close to the ambient temperature over night. The ambient and slab tem per­
ature peaks generally occur between 3:00 and 4:00 p.m .. The overall trend of the 
temperatures recorded during the monitoring days generally reflects the seasonal 
trend. The higher differential between slab and ambient tem peratures occurs on 
the warmer days of monitoring, during the m onths of May through August 1988. 
A com plete discussion and analysis of the bridge tem peratures will follow later in 
section 3.3.
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For the m ost part of this investigation the recorded joint movements occur grad­
ually, however there are some exceptions. Some sharp changes occur in joint move­
m ents as shown in the figures and these will be addressed later in sub-section 3.2.4.
The behavior of the expansion joints will first be addressed individually, allowing 
for comparison of movements at the north and south sides of the sam e joint. The 
m ovements at the expansion joints are then considered for the whole bridge section 
under investigation, and an in-depth joint movement analysis is performed in sec­
tion 3.4. In this analysis the effects of tem perature variations on joint movements 
through the depth of the sections are taken into consideration.
3.2 .1  S u m m a ry  o f  R eco rd ed  O b serv a tio n s
The movements recorded at the north location of expansion joint 1 (the abutment) 
are shown in Figures 3.1a and b. The general trend of the opening and closing of 
the joint follows the temperature trend. This behavior is expected from expansion  
and contraction of unit 1 west of the expansion joint. The m axim um  closing of 
the top of the joint occurs in May 16, 1988 and has a value of about -0.7 inches. 
The m axim um  opening of the top of the joint occurs in December 16, 1987 and has 
a value of about 0.1 inches. Therefore the total range of top of joint movement is 
about 0.8 inches, and occurs when the ambient tem perature differential is 50 degrees 
and the slab temperature differential is 70 degrees. The movement of the bottom  
of the westward section, Sbw,  is fairly small with the exception of December 16 and 
January 12 of 1987 when it has a maximum value of about 0.4 inches.
The movements at the south location of joint 1 are given in Figures 3.2a and b. 
The m agnitudes of movements are very small except for some isolated peaks during 
the days of January 12, May 16, August 25, and December 1 of 1988, and July 13, 
1989. However the trends of movements are similar to that of the north location. 
The largest movement occurs on December 1, 1988 with an opening at the top of 
the joint of about 0.35 inches. The total range of top of joint movement is about 
0.5 inches for an ambient and a slab temperature differential of 30 and 50 degrees
86
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FIGURE 3. 2b Bridge Movements Obtained from LVDT's a t  E . J . l  South
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respectively.
The next expansion joint to  be addressed is expansion joint 2. As was shown in 
section 2.1 this joint has the concrete com posite section of unit 1 on its eastward 
side and the steel com posite section of unit 2 on its westward side. The movements 
at the north location of expansion joint 2 are displayed in Figures 3.3a, b, c., and d. 
Again the movement, of the joint follows the thermal trend. The joint is more closed 
during warmer tem peratures, and more open during cooler tem peratures, with the 
exception of December 1, 1988 when the joint exhibits m ixed behavior. The total 
range of top of joint movement is about 0.95 inches. It occurs when the ambient 
and slab tem perature differentials are 35 and 55 degrees respectively. The relative 
movement of the bottom  of the westward section (steel girder) with respect to the 
bent cap is very small, with the exception of August 25, 1988 when it has a value 
of 0.3 inches. This movement is within the lim its of the pin type connection the 
westward girder has at the bent. cap. The relative movement of the bottom  of the 
eastward section ranges from -0.5 inches in November 19, 1987, March 17 and May 
16, 1988, and April 19, 1989 to  0.5 inches in December 1, 1988. The movement of 
the bent cap is in the eastward direction for all days of monitoring, with a largest 
value of -0.4 inches occurring in August 25, 1988 and July 13, 1989.
The movements at the south location of expansion joint 2 are displayed in Figures 
3.4a, b, c, and d. The movement, of the joint is similar to  that of the north location. 
The total range of top of joint movement is about 1.3 inches. It. occurs when the 
ambient tem perature differential is 40 degrees and the slab tem perature differential 
is 60 degrees. The movement of the bottom  of the westward section is fairly small 
except for May 16 and December 1 1988, when the movement is about 0.25 inches. 
This is again consistent with the fact that the westward steel girders have a pin 
type connection at the bent, where a small movement may be allowed due to the 
small clearance the connection has. The movement of the bottom  of the eastward 
section ranges from -0.7 to + 0 .2  inches. The cap movements shown in the figure 
are actually the ones recorded at the north side since none were taken at the south
91
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FIGURE 3.4d Bridge Movements Obtained from LVDT's a t  E . J . 2  South
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location.
The next expansion joint to be addressed is expansion joint 3. As was shown in 
section 2.1, the steel com posite section (unit 2) is on the eastward side of expansion 
joint 3 and the concrete com posite section of unit 3 is on the westward side of 
expansion joint 3. The movements at the north location of expansion joint 3 are 
displayed in Figures 3.5a, b, c, and d. The opening and closing of the joint is 
acting in a manner consistent with the thermal trends, except for some days of 
abnormal behavior which will be discussed later. The maximum range of top of joint 
m ovem ent, neglecting discontinuities in data, is about 1.4 inches for an ambient and 
slab temperature differentials of 20 and 25 degrees respectively. The overall trend of 
the joint is to remain close as tim e continues. The relative movement of the bottom  
of the westward section (concrete girder) with respect to the bent cap exhibits a 
mixed behavior and ranges from -0.5 to + 0 .8  inches. The relative movement of the 
bottom  of the eastward section (steel girder) with respect to the bent cap, follows 
the thermal trend. Its m axim um  daily movement is about -0.8 inches and it occurs 
during May 16 and June 10 of 1988 when the ambient, tem perature is about 90 
degrees and the slab tem perature close to 110 degrees. The movement of the bent 
cap is always in the westward (positive) direction with a maximum value of about
0.75 inches. Both com posite sections are connected to the bent cap with sliding 
type (free) connections.
The movements at the south location of expansion joint 3 are displayed in Figures 
3.6a, b, c, and cl. The opening and closing of the joint follows the thermal trend. 
The joint opens at cooler tem peratures and closes at warmer temperatures. The 
movements are relatively small with a maximum range of top of joint movement 
of about. 0.8 inches for an ambient, and slab temperature differential of 40 and 60 
degrees respectively. The relative movement of the bottom  of the westward section 
with respect to the bent cap has a maximum value of -0.65 inches occurring in May 
16, 1988. The relative movement of the bottom  of the eastward section (steel girder) 
has a maximum value of -0.4 inches occurring in October 22, 1987. The movements
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FIGURE 3 . 6d Bridge Movements Obtained from LVDT's a t  E . J . 3  South
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of the bent cap shown in the figure are again the ones recorded at the north side.
The last expansion joint to  be addressed is expansion joint 4. This joint is 
between two concrete com posite sections as discussed in section 2.1. The movements 
at the north side of expansion joint 4 are displayed in Figures 3.7a, b, c, and d.
The opening and closing of the joint does not show a daily trend of responding 
to temperature changes except after March 17, 1988. After that tim e the joint 
experienced some movements with a maximum value of about -0.5 inches occurring 
during the monitoring days of May 16 and June 10 of 1988. The relative movement 
of the bottom  of the westward section with respect to the bent cap is generally in the 
eastward direction with values ranging from + 0.15  to -0.6 inches. The corresponding 
movement of the eastward section is negligible except for the days of November 19 
and December 16 of 1987, and January 12, February 21, and March 17 of 1988 
when it has a positive value (eastward movement) of about 0.3 inches, and July 13 
of 1989 when it has a negative value (westward m ovem ent) of -0.55 inches. The bent 
cap shows mixed behavior, w ith a westward (positive) and an eastward (negative) 
movement of up to 0.25 inches.
The data collected at the south side of expansion joint 4 were processed, however 
the results are not presented. The reason for this is that during processing and 
evaluation of the data, one of the LVDT’s at that location was found to be defective. 
Also due to a bad connection the data collected at the north side of expansion joint 
1 on April 19, 1989 as well as the data collected at the north side of expansion joint 
3 after December 1, 1988 were discarded.
3 .2 .2  M a x im u m  J o in t M o v em en ts
The extreme values and ranges of movements recorded at the four expansion joints 
discussed above are summarized in Table 3.1. The table gives the maximum closing 
and maximum opening at the top of each joint, the day it occurred, the total range 
of movement, and the corresponding ambient and slab tem perature differentials. 






uj 2  
^ e  
<  i
K XJ LlI q
S *
£  I 20 
2 .0

































___ _ — -— — - ---------—
. i—i 1 i . i _ i _ j _ i —i—1 i - i ...1 1 . 1 1 1 1 i_, . i.„ i - , 1 1 i i i _
12 4 e  124 OCT 22 12 4 NOV 19 12 4 e 12 4 DEC 16 12 4 12 4 8 12 4JAN 12 FEB 21 12 4 12 4 8 12 4 12 4MAR 17 APR 15 MAY 16

































































12 4 8 12 4 12 4 12 4 8 12 4 12 4 12 4 8 12 4 12 4 12 4 8 12 4 12 4
JUN 10 JUL 12 AUG 25 SEP 28 DEC 01 JAN 05 APR 19 JUL 13
FIGURE 3.7b Bridge Movements Obtained from LVDT's a t  E . J . 4  North
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TABLE 3.1 Maximum Values Of Expansion Joint Movements 
Obtained From LVDT's.
JOINT MAX. MAX. TOTAL AMBIENT TEMP. SLAB TEMP.
LOCATION CLOSING OPENING RANGE DIFFERENTIAL DIFFERENTIAL
(INCHES) (INCHES) (INCHES) (DEGREES F.) (DEGREES F.)
DATE DATE
1 NORTH -0.7 May lb +0.1 Dec 16 0.8 50 70
(1 SOUTH) (-0.15) (+0.05) (0.20)
1 SOUTH -0.15 May 16 +0.35 Dec 01 0.50 30 50
(1 NORTH) (-0.7) (-0.15) (0.60)
2 NORTH -0.6 Jun 10 +0.35 Mar 17 0.95 35 55
(2 SOUTH) (-0.7) (+0.55) (1.25)
2 SOUTH -0.75 May lb +0.55 Mar 17 1.30 40 60
(2 NORTH) (-0.5) (+0.35) (0.85)
3 NORTH -0.8 Jun 10 +0.b Feb 21 1.4 20 25
(3 SOUTH) (-0.5) (+0.1) (O.b)
3 SOUTH -0.6 May lb +0.2 Mar 17 0.8 40 60
(3 NORTH) (-0.6) (+0.6) (1.2)
4 NORTH -0.5 Jun 10 +0.05 Feb 21 0.55 35 55
NOTE: Numbers in parenthesis represent south side movements
corresponding to maximum north side movements, and north side 
movements corresponding to maximum south side movements.
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not consistently occur at the sam e tim e, the south side m ovem ents corresponding to 
the maximum north side movements and the north side m ovem ents corresponding 
to  the m axim um  south side movements are also given in the table.
The following observations can be made from Table 3.1:
1. The m axim um  closing of the top of the joint occurs during the warmer days 
of May 16 and June 10 of 1988.
2. The m axim um  opening o f the top of the joint occurs during the colder days 
of Decem ber 16, 1987, February 21, March 17, and December 1 of 1988.
3. The m axim um  joint movements at the north and south sides of the bridge do 
not necessarily occur during the same day.
4. The maximum joint movements of the north and south sides of the bridge 
have different m agnitudes.
All possible factors affecting joint movements were exam ined in order to explain 
the joint behavior observed in item s 3 and 4 above. These are the following:
1. Joints reached m axim um  value allowed by mechanical connection - From a 
comparison of the m axim um  values and allowable m ovem ent, the physical 
lim its were not exceeded.
2. Variations in material properties - It is possible that variations in the material 
properties of deck and girders have differently affected the m agnitudes of joint 
m ovem ents in the north and south sides of the bridge. Due to the nature of 
this m atter it was not possible to determine the m agnitudes of such effects.
3. Defective steel truss pins - It was mentioned in section 2.1, that a problem was 
developed with the steel truss supporting pins of bent 12. The sudden release 
of thermal stresses built-up at the pin assemblies and the resulting vibrations 
and shock waves could have contributed to the different, joint movements ob­
served at the north and south sides of the bridge. It should be noted however
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that the exact tim es o f the occurence of the shock waves were not recorded 
and their direct effects not possible to determ ine. This phenomenon is further 
discussed in section 3.2.4.
4. Construction crew and equipment - As m entioned earlier, bridge monitoring 
w ith LVDT’s begun in October 22, 1987 while construction was completed in 
October of 1988. During this tim e period the bridge construction crew and 
equipment were on the bridge and at various locations. The presense of live 
loads at the bridge during construction could possibly had an effect on the 
observed joint movement behavior but again this effect cannot be identified 
from the data obtained.
5. Bent movements - Measurements taken with the total station theodolite at 
the north side of the bridge showed that the supporting bent caps experienced 
longitudinal movements of up to 0.75 inches and insignificant vertical move­
m ents. Although no theodolite measurem ents were taken at the south side of 
the bridge, it is possible that the supporting bents at this side had experienced 
different movements. However, it is unlikely that bent movements could had 
affected the expansion joint movements to  such an extent.
6. Connection performance - Stresses built-up at the bridge “roller” type con­
nections could have had an effect on the observed expansion joint behavior. 
Visual inspection indicated that som e o f the slotted connections were not 
aligned with the cap bolts and possibly not acting ideally. Imperfections in 
the connections could result in stresses built-up during expansion and con­
traction of the girders. Depending on the level of the stress concentration at 
each connection, the girders may or may have not been allowed to move as 
expected.
7. Sun position over the bridge - It is possible that the path and position of the 
sun over the bridge had an effect on the different movements obtained at the 
north and south sides of the bridge. The bridge is located at a Lattitude of
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30.3 degrees and oriented at an angle of 27 degrees from the east-west di­
rection, while the sun’s path can at m ost reach a Lattitude of 23.5 degrees. 
Consequently, the south side of the bridge is being exposed to the sun to a 
greater extent than the north side, and therefore expected to experience larger 
movements. However, since the results obtained did not indicate such behav­
ior, and due to the relative effects of the other factors discussed previously it 
is extremely difficult to determine whether the sun’s position over the bridge 
had a different effect on the north and south side movements of the bridge.
It can be deduced from the above discussion that it is difficult to identify the rel­
ative contribution of each possible cause influencing bridge joint movements. How­
ever, it is m ost likely that the build-up o f stresses at the defective truss pins as well 
as at the “roller” supports had more pronounced effects on the bridge movements, 
and these effects will be examined further in sections 3.2.4 and 3.4.
3 .2 .3  E ffects o f  Traffic
As indicated earlier the bridge was opened to traffic on October 27, 1988. W ith the 
exception of December of 1988, when the traffic loads m ay have aided in releasing 
stresses built-up at joint supports, the movements acquired over the 9 m onth period 
after the bridge was opened to  traffic did not show any deviation from previous 
movements. The observed behavior indicates that the traffic effects on the bridge 
movements were insignificant when compared to the effects of therm al changes. 
However, to more fully evaluate these effects, monitoring over a more lengthy time 
period is required.
3 .2 .4  D a ta  D isc o n tin u it ie s
The movements obtained from the LVDT readings showed some discontinuities 
as indicated earlier. An obvious exam ple of this behavior can be seen in Figure 
3.5c. The movements recorded on December 16, 1987 show a rapid opening of 
expansion joint 3 followed by a rapid closing of the sam e joint approximately 5
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hours later. Such sharp changes were not anticipated, therefore an examination of 
the instrum entation was conducted to ensure that these changes were not a result 
of a system  operation error. All electronic impulses are filtered and surge protected, 
shielding the instrum ents from improper power fluctuations. The sudden changes 
are not present throughout the whole set of data on the particular day, indicating 
that electronic malfunction was not the cause of this abnormal behavior. Since 
instrument error was not shown to be the cause of these changes, it is possible that 
sudden movements did actually occur. The exact causes of these movements have 
not been determined, however a possible explanation exists, which is the sudden 
release of stresses build-up at the supporting pins of the steel truss as described 
in sections 2.1 and 3.2.2. Shock waves associated with the release of stresses at 
the truss pins, act as an external force causing the release of stresses built-up at 
joint supports which results in sudden movements. The sharp changes usually occur 
around peak tem peratures, just as the shock waves caused by the truss pins were 
usually audible at that tim e. To further empasize this point, the pins were replaced 
in January of 1988 after which tim e the bridge movements did not show any sharp 
changes except in May 16, 1988 when power failure of the measuring devices had 
occured, September 28, 1988 when only 1 LVDT was affected and after a careful 
examination it was found to be due to a bad electrical connection, and December 1, 
1988 at which tim e the bridge was open to  traffic. It is im portant to note that the 
exact times of occurence of the shock waves were not recorded and that the shock 
waves were not proved to be directly associated with the sudden bridge movements. 
However, from an exam ination of all sixteen sets of data obtained from the LVDT’s, 
the following observations can be made:
1. The bridge experienced sudden movements on all four monitoring days before 
the defective truss pins were replaced.
2. After the pins were replaced and before the bridge was opened to traffic, eight 
additional sets of data were obtained. Sudden changes occurred on only two 
of the eight sets and as mentioned earlier one was due to a power failure and
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the other due to a bad electrical connection.
3. After the bridge was opened to traffic, sudden changes occurred in only one 
of the four sets of data obtained, and this may be attributed to the effects of 
traffic.
It can be therefore concluded that the sudden release of stresses built-up at 
the defective truss pins was the principal cause of the sudden movements occurring 
before the truss pins were replaced.
All data discontinuities recorded are summarized in Table 3.2. The table gives 
the date, location, and type of discontinuity, and the number of LVDT’s affected 
at each expansion joint. It also gives the figure number where each discontinuity is 
shown.
3.3 A n alysis  o f  T h erm al P rofiles
As indicated earlier, a total of thirty thermocouples were placed in the slab and 
girders of unit 3 of the bridge near expansion joint 3 (Figure 2.42). The six tem ­
peratures recorded by the thermocouples at each of the locations A, B, C, and D 
of Array 1, as well as the ambient tem perature, are displayed in Figures 3.8 and 
3.9. Figures 3.8a, b show the tem peratures recorded at locations A and B while 
Figures 3.9a, b give the temperatures recorded at locations C and D. It should be 
noted that one of the slab thermocouples at location C did not function properly 
and readings recorded by it were discarded.
It can be seen from Figures 3.8a, b and 3.9a, b that there is a small varia­
tion between the temperatures recorded at the different locations A, B, C, and D. 
For exam ple, looking at the coldest day of December 16, 1987, the highest slab 
tem peratures recorded at locations A, B, C, and D are 57, 53, 57, and 55 degrees 
respectively. Similarly for the hottest day of May 16, 1988, the highest slab tem­
peratures recorded at locations A, B, C, and D are 113, 108, 113, and 110 degrees 
respectively. For practical purposes, the difference of a few degrees within bridge
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10/87 2N STEP FUNCTION 2 3.3a
10/87 2S STEP FUNCTION 2 3.4a, 3.4c
10/87 3N STEP FUNCTION 2 3.5a, 3 . 5c
11/87 2N STEP FUNCTION 1 3. 3a
11/87 2S STEP FUNCTION 1 3.4a
11/87 3N STEP FUNCTION 2 3.5a, 3. 5c
12/87 2S SPIKE 1 3.4a, 3.4c
12/87 3N STEP FUNCTION 2 3.5a, 3.5c
12/87 3S STEP FUNCTION 2 3.6a
1/88 IS SPIKE 2 3.2a
1/88 2N SPIKE 2 3.3a
1/88 2S SPIKE 2 3. 4c
1/88 3N STEP FUNCTION 1 3 . 5a, 3.5c
1/88 3S SPIKE 3 3.6a
5/88 IS STEP FUNCTION 2 3.2a
5/88 2N STEP FUNCTION 2 3.3a
5/88 4N STEP FUNCTION 2 3.7c
S/88 IN SPIKE 1 3.1b
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FIGURE 3 . 8b  Bridge Temperatures Obtained from Thermocouples
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FIGURE 3.9a Bridge Temperatures Obtained from Thermocouples 
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FIGURE 3 .9b Bridge Temperatures Obtained from Thermocouples
a t  L o c a t io n s  C and D
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sections is of no significance in the analysis of bridge joint movements. It can also 
be seen from the figures that, with the exception of January 12, 1988 and January 
5, 1989, the slab temperatures rise higher than the girder temperatures during the 
heat of the day with the ambient temperature falling somewhere in between. Again 
this is due to the fact that the slab is exposed to the sun while the girders are in the 
shade. The largest differential between slab and girder temperatures is about 20 
degrees and occurs during the monitoring days of April 15, May 16, June 10, and 
August 25 of 1988. It may be recalled here that on May 16 and June 10 of 1988 the 
bridge sections experienced their largest movements (m axim um  top of joint closing) 
as was shown in Table 3.1. A large temperature differential through the depth of 
the bridge section is expected to cause movements of different m agnitude at the top 
and bottom  of the section.
The data obtained during the 24 hour monitoring days were used to study the 
expansion joint behavior further. For these days, the tem perature distribution 
through the depth of the bridge section is plotted at 4 hour intervals starting at 
8:00 a.m. as shown in Figures 3.10 through 3.17. The dashed line shown in the 
upper left plot of each figure represents the temperature distribution at the end of 
the 24 hour cycle or 8:00 a.m . next day. The ambient tem perature is also given 
in each plot for relative comparison. It can be seen in Figures 3.10 through 3.17 
that, the thermal profiles follow a certain path over time. In particular, the slab 
temperatures are generally lower than or close to the girder temperatures during 
the morning hours, then rise higher than the girder temperatures reaching their 
peak values around 4:00 p.m .. Finally, during the evening hours the slab and girder 
temperatures come close again while falling to their lowest values over night.
Thermal stresses are known to cause considerable damage in bridges. Although 
current bridge specifications such as those of AASHTO (1983) recognize the ex­
istence of thermal expansion and thermal forces, they are rather vague concern­
ing values. In particular AASHTO recommends a range of temperature variation 
in bridges to account for the expansion movements, however it does not provide
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guidelines regarding the vertical tem perature distribution through the depth of the 
section.
Several analytical and experim ental studies have been conducted regarding the 
vertical temperature distribution through the section depth of concrete and compos­
ite concrete slab-on-steel beam  bridges ((K ennedy and Soliman (1987), Churchward 
and Sokal (1981), Zuk (1965), and the Transportation Research Board (1985)). Al­
though m any complex factors such as solar radiation, ambient tem perature, wind 
velocity, conductivity, and evaporation come into play, m any researchers tried to 
obtain a simple but reasonable m ethod of predicting the tem perature distribution 
of bridge sections. The Com m ittee on Loads and Forces on Bridges (1981), recom­
mends a simple model for tem perature distribution through the depth of the section 
for concrete bridges based on the ambient tem perature variation. The temperature 
distribution, which is recommended as thermal loading is shown in Figure 3.18. It 
is seen in the figure that the tem perature at the top and bottom  of the deck is found 
by adding 20 and 10 degrees Fahrenheit respectively to the ambient temperature, 
and that the bridge tem perature is assumed to vary linearly from the bottom  of the 
deck to  the middle of the girder where the bridge tem perature is taken equal to the 
ambient temperature. The tem perature at the bottom  of the girder is also taken 
equal to the ambient tem perature.
An attem pt to develop a more realistic and sm oother tem perature profile based 
on the experim ental data is m ade in this research. Polynomials of different degrees 
were used to curve fit the tem perature data obtained from the thermocouples. Based 
on the calculated sum of the squares of the residual, second order polynomial is 
deemed to be both accurate and simple. A different curve fit is used to predict 
the bridge temperatures at the top of the deck 7 \, the bottom  of the deck T2 , and 
middle and bottom  girder tem perature T3. These curve fits are shown in Figure 
3.19. The horizontal axis of the figure represents the ambient tem perature Ta, while 
the vertical axis represents the bridge temperatures 7\ , Z2 , and TV It should be 
noted that Figure 3.19 does not give the temperature distribution through the depth
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FIGURE 3.18 Thermal Profile Recommended by the Committee 
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of the section but rather it gives the curves to obtain Tx, T2, and T3 for a known 
range of ambient temperatures Ta. Once Tx, T2, and T3 are found the thermal profile 
is obtained by assuming a linear tem perature variation between Ti, T2, and T3 . It 
should be also pointed out that the curves are valid only for the given range of 
ambient temperatures which is between 32 and 92 degrees Fahrenheit. The values 
of Tx, T2, and T3 can also be calculated from the following equations:
Ti =  0.095 +  0.832Ta +  0.004Ta2 (3.42)
T2 =  6.63 +  0.648Ta +  0.005T2 (3.43)
T3 =  23.88 +  0.206Ta +  0.006Ta2 (3.44)
3.4  A nalysis o f  Jo in t M ovem en ts
It. is desirable to distinguish bridge joint movements due to tem perature changes 
from those due to other factors such as creep and shrinkage, and loss of prestress 
for prestressed concrete sections. In order to do so, thermally induced movements 
must be studied over a short period of tim e, essentially eliminating the effects of 
any other factors on bridge joint movements.
The mechanism of bridge joint movements is very complex. The strains which 
influence joint movements are caused by a variety of factors including thermal 
changes, tim e dependent creep and shrinkage, loss of prestress, and applied live 
loads. Furthermore the movements due to thermal changes are greatly affected by 
the profile of temperature distribution through the depth of the cross section. A
change in temperature, which varies linearly over the cross section of a simply sup­
ported bridge, produces no stresses. However, when the temperature variation is 
non-linear, the same bridge will be subjected to stresses, because any fibre, being 
attached to other fibres, cannot exhibit free temperature expansion. These thermal 
stresses in the cross section are referred to as the self-equilibrating stresses. When 
the temperature variation is non-linear, the strain distribution over the cross section
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hypothetically would be non-linear, but because plane cross sections tend to remain 
plane, the actual strain distribution is linear ((Ghali and Favre (1986), Will et al. 
(1977)). The difference between the hypothetical and actual strain curves repre­
sents expansion or contraction which is restrained by the self-equilibrating stresses. 
Therefore, depending on the tem perature profile, a bridge section can experience 
therm al expansion at the top and bottom , or expansion at the top and contraction 
at the bottom  and vise versa.
W ith the above in mind, an attem pt is m ade to identify and explain the ther­
mally induced movements of the Krotz Springs bridge. It should be noted however, 
that past researchers ((W ill et al. (1977), Berwanger (1983)) have attem pted to 
identify and correlate measured thermally induced movements with analytical re­
sults but generally failed due to one or more of the following reasons: 1) Malfunction 
of the experimental measuring equipment, 2) inaccuracies inherent in the analytical 
procedure, and 3) erratic structural response due to non-linear frictional resistance 
at roller supports or slip occurring between the slab and girder of a composite 
section.
3.4 .1  A n a ly s is  o f  S h o rt-T erm  M o v em en ts
In order to identify short-term movements due to  tem perature changes from move­
m ents due to the other factors mentioned earlier, the behavior of the bridge is 
studied using the data acquired over the 24 hour monitoring days. The movements 
obtained from the LVDT’s on these days are shown schematically in Figures 3.20 
through 3.43. Figures 3.20 through 3.27 show the movements obtained from the 
LVDT’s located at the north side of the bridge, Figures 3.28 through 3.35 show the 
movements obtained from the LVDT’s located at the south side of the bridge and 
Figures 3.36 through 3.43 show the plan view movements of the deck units. Each 
of the figures show the movements of the bridge sections at the expansion joints 
for a 24 hour period. These movements are relative to the supporting bent caps 
and are referenced to the begining of the particular monitoring day at 8:00 a.m..
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The rectangles shown in the figures represent, from left to right, the abutment and 
bridge units 1, 2, 3, and 4. The top row represents the initial position of the bridge 
units for the particular day of monitoring and the subsequent rows represent the 
position of the bridge units at 4 hour intervals. The straight fines shown at the ends 
of each rectangle (or unit) represent the movement at the ends of the unit for the 
given tim e. The arrangement utilized above allows the reader to see the short-term  
m ovem ents of the whole bridge at the same tim e for each day of monitoring.
It can be seen from Figures 3.20 through 3.43 that on several occasions the 
bridge sections do not return to  their initial position at the end of the 24 hour cycle 
which is 8:00 a.m . next day, but rather stay or freeze at their deformed position. 
One of the reasons for such behavior may be that, the initial and final temperature 
distributions of the bridge sections do not coincide as seen in Figures 3.10 through 
3.17 but rather can differ by as much as 12 degrees. However, restraints at the 
“roller” connections as discussed earlier could be the main reason the bridge units 
do not recover at the end of the 24 hour cycle. Since no readings were taken beyond 
the 24 hour period at any monitoring day it is not known when the bridge sections 
bounced back to their initial position. It is also observed from the figures that the 
behavior of units 1 and 2 is more reasonable and more consistent than the behavior 
of unit 3. It may be recalled that units 1 and 3 are three span continuous concrete 
sections while unit 2 is a simple span steel girder. From calculations performed 
it was found that the dead loads carried by either concrete or steel sections are 
approxim ately the same and therefore irrelevant to the different behavior of the 
sections.
It can be also seen from the figures that the bridge sections experienced noil- 
sym m etrical movements. These movements can be attributed to the restraints as­
sociated with the joint supports.
The movements obtained at the north side of the bridge sections are further 
examined for two specific days of monitoring. The day of October 22, 1987 which 
is the first day of measurements with the LVDT’s, and June 10, 1988 are chosen for
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this exam ination. The slab tem perature rise on these two days was approximately 
the sam e, and ranged from 50 to 78 degrees on October 22, 1987 and from 82 to 
108 degrees on June 10, 1988.
The bridge movements and the corresponding tem perature distributions through 
the depth of the section obtained on October 22, 1987 are given in Figures 3.20 and 
3.10. It can be seen from Figure 3.20 that each end of unit 1 experienced a movement 
of about 0.2 inches at the top of the slab which occurred at 4:00 p.m . By taking into 
consideration the movement of the bent 4 cap at expansion joint 2, unit 1 essentially 
experienced an expansion of about 0.3 inches at the top o f the slab.
Similarly unit 3 experienced an expansion of about 0.8 inches at the top of 
the slab. M ost of this expansion occurred on the east side of the unit. It is also 
seen in Figure 3.20 that the bottom  of the section at this location experienced a 
contraction of about 0.75 inches. For that particular period of tim e, the bent 5 cap 
also experienced a westward movement of about 0.3 inches. This cap movement 
apparently is a result of the therm al deformation and end rotation of unit 3 cross 
section at expansion joint 3. The tem perature distribution shown in Figure 3.10 
would suggest a cross section free of thermal stresses and a linear strain distribution 
uniform throughout the depth. However the exact deformation taking place may 
have been greatly affected by a poor connection performance at the end supports.
The behavior of unit 2 was somewhat different. This is the steel plate girder 
com posite section and as can be seen from Figure 3.20, the section appears to have 
expanded at the bottom  and contracted at the top, with m ost of this deformation 
activity taking place in the westward side of the unit. By adding the movements 
of bents 4 and 5 at each side of the section however, unit 2 essentially experienced 
an expansion of about 0.2 inches at the top of the slab ancl about 0.7 inches at the 
bottom  of the girder. Again this differential expansion is expected to be mainly due 
to the effects of the thermal distribution over the cross section. This thermal dis­
tribution was not obtained for the steel girder com posite sections. Hence, for a slab 
temperature rise of 28 degrees (50 to 78) bridge units 1, 2, and 3 had experienced
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expansions of 0.3, 0.2, and 0.8 inches respectively.
Similar results are obtained from the study of the bridge joint movements for the 
monitoring day of June 10, 1988. The movements of the bridge and the correspond­
ing tem perature distributions for this day are given in Figures 3.24 and 3.14. It can 
be seen from Figure 3.14 that the slab temperature for this day ranged from 82 to 
108 degrees and that the tem perature distribution is som ewhat different from that 
obtained on October 22, 1987. Nevertheless, units 1 and 3 experienced expansions 
of 0.5 and 0.9 inches respectively at the top of the slab, which are comparable to 
those obtained during October 22, 1987. Unit 2 however experienced a contraction  
of approximately 0.1 inches at the top of the slab and an expansion of about 0.45 
inches at the bottom  of the steel girder. This non-uniform deformation is again 
attributed to the effects of thermal distribution through the depth of the section  
which caused a large end rotation of the section at expansion joint 3.
3 .4 .2  A n a ly s is  o f  L on g-T erm  M o v em en ts
The long-term  movements obtained from the LVDT’s on the 24 hour monitoring  
days are shown schematically in Figures 3.44 through 3.67. Figures 3.44 through  
3.51 show the movements obtained from the LVDT’s located at the north side of the 
bridge, Figures 3.52 through 3.59 show the movements obtained from the LVDT’s 
located at the south side of the bridge, and Figures 3.60 through 3.67 show the plan 
view m ovem ents of the deck units. Each of the figures show the movements of the 
bridge sections at the expansion joints for a 24 hour period. These movements are 
relative to the supporting bent caps and are referenced to the first, day of monitoring 
which is October 22, 1987. The rectangles shown in the figures represent, from left 
to right, the abutm ent and bridge units 1, 2, 3, and 4. The top row represents 
the initial position of the bridge units for the particular day of monitoring and the 
subsequent rows represent the position of the bridge units at 4 hour intervals. The 
straight lines shown at the ends of each rectangle (or unit) represent the movement 
at the ends of the unit for the given time. The arrangement utilized above allows
NOT TO SCALE
E .J .  I E .J .  2 E.J. 3 E.J. 4














As  □ 
□8 : 0 0A.M.
H - 4 " - 2 18 '-
' I
\
\  \ L
i/ \ \
i/ S\  ^
// \\  ■
!L ...j . s\
1.8' 1 4 0 2 .8 2 6 0 * — + ------ 2  4 3 5 0 1— *|
FIGURE 3 .4 4  Long-Term Movements Obtained from LVDT’ s a t  North Side o f  Bridge fo r  October 22, 1987
NOT TO SCALE




4 : 0 0  
P. M.
8 : 0 0
P.M.
I2-.00  n  
m id n ig h t [_ J
4 . 0 0
A.M.




0  K  
0
E J . 2





E . J . 4
  2 . 8 " ----------+ — 2 6 0 ' — + ----- 2 . 4 " ------ + - 3 5 0 ' - +
FIGURE 3.45 Long-Term Movements Obtained from LVDT's at North Side of Bridge for December 16, 1987
I\









I2-.00 n  
m id n ig h t [ _ |
4 : 0 0
A.M.












[— 1. 4 " - ^  2 1 8 '  L 8 "-
NOT TO SCALE





4*— 2 6 0 ' —  2 -4 "-
1Z.
3 5 0 '-
FIGURE 3 .4 6  Long-Term Movements Obtained from LVDT's a t  North Side o f  Bridge fo r  February 21, 1988 167























J - 1 . 4 " - 2 18 '-
NOT TO SCALE




1.8' 1 4 0 2 .8 - 4 —  2 6 0 ' — + ------- 2 . 4 " ------4 — 3 5 0 ' — |
FIGURE 3 .47  Long-Term Movements Obtained from LVDT's a t  North S ide  o f  Bridge fo r  A p r i l  15, 1988
NOT TO SCALE











4 . 0 0
A.M.




« □  \
1 - 1 . 4 " 218*





E.J .3 E .J .4
iX-
/ I
140 2 .8 "  ►1— 2 6 0 ' 3 5 0 ' — *|
FIGURE 3 .4 8  Long-Term Movements Obtained from LVDT's a t  North S ide  o f  Bridge fo r  June 10, 1988
NOT TO SCALE
E .J .  I E . J . 2 E .J .3 E .J .4




4 : 0 0
P.M.






12.00 n  
m id n ig h t [ _ J
4 . 0 0
A.M.
8 . 0 0
A.M.
\
□ \  
□ \
\  ' \ \ /  /
\  x V \ \ /  /
\  x \
s
\ \ /  /
\  x \
\
\ \ /  /
\  '
\
\ \ /  /
7 .......... ‘
\  ' I \ \ /  /
7  ............
\  ' , \ \ /  z :
H - 4 m- 218*- 1.8 1 4 0 2 .8 2 6 0 2 .4 • 3 5 0
FIGURE 3 .4 9  Long-Term Movements Obtained from LVDTJj a t  North S ide  o f  Bridge fo r  August 25, 1988
NOT TO SCALE


















r  0 
:s? 0





2 6 0 A M 12 . 4 ■ 3 5 0 '— >|
FIGURE 3 .5 0  Long-Term Movements Obtained from LVDT's a t  North Side o f  Bridge fo r  December 1, 1988 171
E .J .  I E . J . 2 E.J. 3
NOT TO SCALE
E . J . 4
8






























218*- 1.8 1 4 0 '— 2 .8 2 6 0 ' 2 . 4 " ------ ►[*— 3 5 0 ' — ►]
FIGURE 3 .51  Long-Term Movements Obtained from LVDT's a t  North Side o f  Bridge fo r  A p r i l  19, 1989
NOT TO SCALE
E.J.  I E. J . 2 E . J . 3 E .J .4













MIDNIGHT [ _ |





8 : 0 0  1 "  ”  \
A.M. |__
k - 1.4 *— 2 1 8 '— ►!
t
1.8 — H-*— I 4 0 ' - 2 . 8 2 6 0 ' —> 2 .4 - 3 5 0 ' -
FIGURE 3 .5 2  Long-Term Movements Obtained from LVDT's a t  South S ide  o f  Bridge fo r  October 22, 1987
NOT TO SCALE













D8 . 0 0A.M.
\ 1 \ \
... . ^ \ \
..... \ \









\ 1_ _ L r r :
[■*-1 - 4 "■—»}« - 218' -----4 —  1.8"— 4 — 1 4 0 '----- 4 2 .8 2 6 0 2 . 4 3 5 0 ' — *|
FIGURE 3 .5 3  Long-Term Movements Obtained from LVDT's a t  South S ide  o f  Bridge fo r  December 16, 1987














12:00 n  
m i d n i g h t |_ J
4
A:S? □
D8 : 0 0A.M.
I




1 4 0 '- 2 .8 2 6 0 2 . 4 3 5 0 ' — *|








4: 0 0  









:!? 0  
:.S □
1^1.4"-















\  \ /





2 .8 2 6 0 '— 4 i  2 . 4 1 —  350*— »|
FIGURE 3 .5 5  Long-Term Movements Obtained from LVDT's a t  South Side o f  Bridge fo r  A p r i l  15, 1988
NOT TO SCALE
E.J.  I











12.00 n  
m idnigh t]  I
4
A
8 : 0 0
A.M.
1 ^ 1 .4 " -
E .J .2
\
E.J. 3 E.J.  4
£
o
-218 1.8 1 4 0 2 .8 2 6 0 ' - 2 . 4 3 5 0 -
figure 3 .5 6  Long-Term Movements Obtained from LVDT's a t  South S ide  o f  Bridge fo r  June 10, 1988
E.J.  I E .J .  2 E.J. 3
NOT TO SCALE
E.J.  4
8 :0° nLM. U \  I
12:00
NOON
4: 0 0  
P.M.






m id n ig h t )











1.8 1 4 0 '- 2 .8 2 6 0 ' - 2 . 4 3 5 0 * — *»|
FIGURE 3 .57  Long-Term Movements Obtained from LVDT's a t  South Side o f  Bridge fo r  August 25, 1988














1 2:00  H I
MIDNIGHT] |
4
A 0  
08 : 0 0A.M.
/ \ /' \
/ \ / \
/
i \ 1









\«- | . 4 ". 2 1 8 * -----•+*— 1.8"— + -  1 4 0 '  *j-i  2 . 8 ' 2 6 0 * 2 . 4 3 5 0 * —►]
FIGURE 3 .5 8  Long-Term Movements Obtained from LVDT's a t  South Side o f  Bridge fo r  December 1, 1988
E.J .  I E. J . 2 E . J . 3
NOT TO SCALE
E.J .  4
8
A




















2 1 8 '  1 .8"— ^ - 1 4 0 '  - L 2 .8 2 6 0 ' - 2 .4 3 5 0 ' — >|
FIGURE 3 .5 9  Long-Term Movements Obtained from LVDT's a t  South Side o f  Bridge fo r  A p r i l  19, 1989
NOT TO SCALE
E .J .  I
8;0° nLM. U  
□
1 2 :0 0
NOON
4
P.s? □  
□8 :0 0  R M.
12 .00  (“ I 
m id n ig h t]  I
4 : 0 0  P |  
A.M. □
Q8A
p i . 4 "
E . J . 2
218 ► M 1.8'
lN
E. J .3
1 40 + -





v _________ L n
\  i. /
'  i i
\  1 l
2 .4 3 5 0 '— «-j
FIGURE 3 .6 0  Plan View o f  Bridge Showing Long-Term Movements o f  Deck U n its  fo r  O ctober 22 , 1987
E .J .  I E .J  2 E.J. 3
NOT TO SCALE
E . J .4
8: 0 0
A.M.






























2 6 0 '—t-j. 2 .4 350 ' H
FIGURE 3.61 P lan View o f  B ridge Showing Long-Term Movements o f  Deck U n its  fo r  December 16, 1987



































2 . 4 4«—3 5 0 -
figure 3 . 62  Plan View o f  B ridge Showing Long-Term Movements o f  Deck U n its  fo r  February 21 , 1988




A: 0  /[ 
D A1 2 :0 0NOON





























- j* _  2 6 0 ' -----4 - -----  2 . 4 - 3 5 0 '—4
FIGIP.E 3 . 63  P lan View o f  B ridge Showing Long-Term Movements o f  Deck U n its  fo r  A p r il 15, 1988
E .J . I E . J .2 E .J .3
NOT TO SCALE
E .J .4
8 : 0 0
A.M.
1 2 :0 0
NOON








12:00 n  
m i d n i g h t |_ J
4: 0 0  
A.M.









. .  1 \









I— I.4 "  +  218'■ 1.8' 1 4 0 2 . 8 "  *■]*—  2 6 0 ' -
A * 12 . 4 350
FIGURE 3 . 64  Plan View o f  B ridge Showing Long-Term Movements o f  Deck U n its  fo r  June 10, 1988
E .J .  I E .J .2 E .J .3
NOT TO SCALE
E .J .4
8 : 0 0
A.M.
















_ _ 1 
2 .8 -4»—  2 6 0 '  — 4 -.-------2 . 4 " ------ 4 ^ - 3 5 0 ' — 4
FIGURE 3 . 65  P lan View o f  B ridge Showing Long-Term Movements o f  Deck U n its  fo r  August 25, 1988
NOT TO SCALE
' N
E .J . I
8




1 2 :0 0
NOON




1 2:0 0  n
MIDNIGHT [_J
4 : 0 0  
A. M.




E .J .2 E .J .3
218*— p \—  1 .8” 14 0 '  \m 2 .8 " - 2 6 0
E.J.4
o
2 .4 • 3 5 0 '








1 2 :0 0
NOON











5 f  D
0















*|*—  1 4 0 - 2 .8 2 6 0 2 .4 3 5 0 '—*|
FIGURE 3 . 67  P lan  View o f  B ridge Showing Long-Term Movements o f  Deck U n its  fo r  A p r il 19 , 1989
189
z . 0-8
- i  0.4
2 .4  -
a. 2 .0  -  
«  1.6 *-
















2 .8  r






J  L I__I J  L J  L J  L I__I J  L J ___I
O C T  N O V  D E C  J A N  F E B  M A R  A P R  M A Y  J U N  J U L  A U G  S E P  D E C  J A N  A P R  I U L
22  19 16 12 21 17 15 16 10 12 25  28  I 5 19 i3
  M a x im u m  O pen ing
 M in im u m  O pen ing
FIGURE 3.68 Summary of Long-Term Movements Obtained from the 
LVDT's at the North Side of Expansion Joints 1-4
190
the reader to  see the long-term  m ovem ents of the whole bridge at the sam e time for 
each day of m onitoring.
The following observations can be m ade from Figures 3.44 through 3.67:
1. The bridge sections exhibit non-sym m etrical and non-reversible joint move­
m ents and this behavior can be attributed to restraints associated with the 
“roller” supports as discussed earlier.
2. There is a general seasonal repetitiveness of joint m ovem ents associated with 
seasonal tem perature trends.
3. There is no indication of rigid body translation. T he bridge sections show no 
tendency to move downhill over tim e.
The effects of restraints on joint m ovem ents m ay be identified by comparing 
the joint m ovem ents obtained on two different days of the sam e tem peratures and 
being several m onths apart. T he m onitoring days of O ctober 22, 1987 and February 
21, 1988 were chosen for this com parison since the tem perature charactiristics are 
approxim ately the same on these two days as shown in Figures 3.8a, 3.10, and 
3.12. As m entioned earlier the LVDT’s were not in place until 9 m onths after 
span construction, and it is therefore expected that creep and shrinkage effects had 
dissipated. The change in length at the top of the bridge units is obtained from the 
bridge m ovem ents shown in Figure 3.46 at 8:00 a.m . and adding the corresponding 
bent cap m ovem ents at each end of the units. C om putations are performed only for 
units 1 and 2. The change in length of unit 1 =  M ovement at E .J .l +  Movement 
at E .J.2 +  Sway o f bent 4 cap. Similarly, change in length of unit 2 =  Movement 
at E .J.2 +  Movement at E .J.3 -F Sway of bent 4 cap +  Sway of bent 5 cap. Using 
the above relationships, the change in length of unit 1 =  0.05 +  0.15 +  0.1 =  0.3 
inches, contraction. Similarly, the change in length of unit 2 =  -0.1 +  0.6 -0.1 - 0.2 
=  0.2 inches, contraction. The shortening of 0.3 inches of unit 1 and 0.2 inches of 
unit 2, which took place over a 4 m onth period, can be therefore attributed to the 
restraining effects of the joint supports.
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The long-term  m ovem ents o f expansion joints 1, 2, 3, and 4 obtained from the 
LVDT’s at the north side of the bridge are summarized in Figure 3.68. The horizon­
tal axis o f the figure represents the tim e or day o f m onitoring starting from October 
of 1987. The vertical axis of the figure includes the ambient tem perature and the 
movem ents of expansion joints 1, 2, 3, and 4. T he m ovem ents obtained during the 
specific days of m onitoring are marked with the “o” sym bol. These sym bols are 
connected to each other w ith straight lines in order to show the m ovem ent trend. 
The solid line represents the m axim um  opening of the joint while the dashed line 
represents the m inim um  opening of the joint. The arrangement utilized in the figure 
actually shows the joint opening or gap at each joint location relative to  its position  
on October 27, 1987. It is clearly shown in the figure that the m ovem ents of joints 
1 and 2 follow the therm al trend and are more reasonable than those of joints 3 and
4.
3.5 T h eo d o lite  R e su lts
The expansion joint m ovem ents obtained from the total station theodolite are given 
in Figures 3.69 through 3.72. Each of the figures shows the longitudinal movement 
of an expansion joint at the north side of the bridge as discussed in section 2.3.2. 
Unlike the LVDT readings, the theodolite readings were only taken once during 
each day of m onitoring. All m ovem ents shown are with respect to the position of 
the bridge during January of 1987. The actual starting date is different for each 
expansion joint, but all readings began in January of 1987 before the pouring of unit 
2, 3, and 4 slabs. The theodolite readings were started this early in the construction  
phase of the bridge for three reasons. First, the LVDT instrum ents could not be 
placed on the bridge that early for reasons discussed previously, second, to detect 
possible effects o f creep and shrinkage on the bridge sections, and third, to determine 
the effects of bent m ovem ents on the joint behavior.
The format of the plots shown in Figures 3.69 through 3.72 is very similar to 
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the tim e starting from January of 1987. The vertical axis of the plots includes 
the ambient tem perature and all previously discussed m ovem ents. The movements 
obtained during the specific days of m onitoring are marked w ith the sym bol “o” . 
These symbols are connected to  each other with straight hires in order to show the 
movement trend. It does not however im ply that the m ovem ent did not differ from 
this path in the tim e elapsed betw een m onitoring days. The ambient temperature 
for the days of m onitoring is shown in the top plot of each figure. The tem pera­
tures are not necessarily the sam e in each figure since the m ovem ents at each bent 
were recorded at different tim es of the day. The tem peratures recorded during the 
monitoring days are very representative of the seasonal tem perature trends. For in­
stance, cooler tem peratures were recorded during the winter m onths, while warmer 
tem peratures were obtained in the summ er m onths.
The behavior of the expansion joints will first be addressed individually. The 
m ovem ents of the joints will then be considered for the whole bridge section m oni­
tored.
The m ovem ents recorded at expansion joint 1 are shown in Figure 3.69. The 
opening and closing of the joint directly reflects the expansion and contraction of 
the com posite sections due to  tem perature changes. The m axim um  top of joint 
opening occurs on February o f 1987 and has a value of 0.1 inches. The maximum  
closing of the top of the joint occurs on August of 1987 and has a value of -0.3 
inches. Therefore the m axim um  range of top of joint m ovem ent is 0.4 inches for 
an ambient tem perature differential of 50 degrees. The rotation of the eastward 
section is actually an indication of the rotation of the abutm ent. The abutment 
had practically no rotation over the m onitoring period except for the monitoring 
days of June and December of 1988 when it had a value of 0.003 radians. The 
rotation of the westward com posite section was also very sm all and had little effect 
on the top of joint m ovem ent. The m axim um  rotation of the westward composite 
section was only 0.002 radians.
The movements recorded at expansion joint 2 are shown in Figure 3.70. Again
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the opening and closing of the joint is consistent w ith the expansion and contraction 
expected from tem perature changes. The top o f joint m ovem ent ranges from -0.4 
inches in May of 1987 to 0.45 inches in Decem ber of 1987 giving a total range of 
0.85 inches for an ambient tem perature differential o f 40 degrees. The bent cap had 
a m axim um  m ovem ent of about 0.2 inches in the westward direction occurring in 
March of 1988. The rotations o f the girders were very sm all and had little effect 
on the top of joint m ovem ent except for Decem ber of 1987 when they affected the 
opening o f the joint by 0.15 inches. The m axim um  rotation o f the westward girder 
was only 0.004 radians.
The m ovem ents recorded at expansion joint 3 are shown in Figure 3.71. The 
m axim um  top of joint opening of expansion joint 3 occurs in February of 1987 
and has a value of 0.4 inches. T he m axim um  top of joint closing of the same joint 
occurs in both May and August of 1987 and has a value of -0.6 inches. Therefore, the 
m axim um  range of top of joint m ovem ent is 1.0 inches for an am bient tem perature 
differential of about 45 degrees. The general trend of the opening and closing of the 
joint again follows the therm al trend with the exception of Decem ber of 1987 when 
the top of the joint does not open (contraction of bridge sections) on a cold day. 
After a careful exam ination of the data collected, this is attributed to a bad reading. 
The bent cap movement is very sm all, and ranges from -0.2 inches eastward to 0.3 
inches westward. The rotations of the girders were very sm all and had little  effect on 
the top of joint movement , except for Decem ber of 1987, when the westward girder 
displayed a rotation of 0.009 radians which was due to  the bad reading recorded 
at that day. Not considering the reading of Decem ber of 1987, the westward and 
eastward girders had a m axim um  rotation of -0.006 and -0.002 radians respectively.
The m ovem ents recorded at expansion joint 4 are displayed in Figure 3.69. The 
trend of m ovem ents again follow the trend of therm al expansion and contraction. 
The m axim um  opening of the top of the joint occurs on Decem ber of 1987 and 
has a m agnitude of 0.6 inches, while the m axim um  closing of the sam e joint occurs 
on A ugust of 1987 and has a value of -0.45 inches. Therefore the m axim um  range
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of top of joint movement is 1.05 inches for an ambient tem perature differential of 
45 degrees. The rotations of the eastward girder affect the top of joint movement 
by up to  0.35 inches. For exam ple, the closing of the joint at the neutral axes of 
the sections for August of 1987 is about -0.1 inches, while as indicated above, the 
top of joint closing for this day is -0.45 inches. T he m axim um  rotation recorded 
at the eastward section was -0.019 radians clockwise, while the westward section  
experienced a m axim um  rotation of -0.005 radians counter-clockwise. The rotations 
of the sections are mainly attributed to the tem perature differential between the slab 
and the girders and to restraints present at the joint supports. T he supporting bent 
cap also experienced some m ovem ent in the westward direction, w ith a m axim um  
value o f 0.6 inches occurring in February and Decem ber of 1987.
The extrem e values of joint m ovem ents obtained with the total station  theodolite 
are summ arized in Table 3.3.
Considering the bridge section m onitored as a whole, the expansion joints be­
haved in a manner consistent with the therm al expansion and contraction. The 
effects of creep and shrinkage m ay be evident by looking at Figures 3.70 through  
3.72. W hen the recorded tem perature in March of 1988 is near the reference tem ­
perature of 60 degrees of January of 1987, the top of the joint does not return to 
the initial zero position, but rather shows an opening of about 0.3 inches for each 
of the expansion joints 2, 3, and 4. This joint opening indicates a contraction of 
the com posite sections and can be attributed to  creep and shrinkage of the system  
during this period.
A Comparison of the LVDT results to the theodolite results indicates that both 
intrum entation system s detect m ovem ents of similar m agnitudes. A direct compar­
ison of the m axim um  m ovem ents obtained can be m ade from Tables 3.1 and 3.3. 
However, the validity of such com parison is lim ited since the LVDT measurements 
were taken continuously throughout the LVDT m onitoring days while the theodolite 
readings were taken only once during the theodolite m onitoring days.
The theodolite was also used to determ ine the longitudinal sway A s  along the
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1 NORTH -0.3 + 0.1 0.4 50
2 NORTH -0.4 + 0.45 0.85 40
3 NORTH -0.6 + 0.4 1.0 45
4 NORTH -0.45 + 0 . b 1.05 45
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length of the bents. The sway o f the bents supporting the expansion joints are 
displayed in Figures 3.73 through 3.75. Figures 3.73a, b, c, and d show the sway 
of bent 4, which supports expansion joint 2, Figures 3.74a, b, c, and d show the 
sway of bent 5, which supports expansion joint 3, and Figures 3.75a, b, c., and d 
show the sway o f bent 8, which supports expansion joint 4. T he sway of the bents 
are presented in chronological order, w ith the first day shown in each figure being 
the reference datum . The form at of the figures is as follows: The horizontal axis 
represents the length  of the bent. Zero length represents the position of the bridge 
marker located approxim ately three feet above the base of the bent or ground level. 
The vertical axis indicates the longitudinal m ovem ent (or sway) of the bent since 
the first day of m onitoring. Positive sway denotes a m ovem ent in the westward 
direction, and negative sway denotes a m ovem ent in the eastward direction. The 
actual m easured m ovem ents of the markers are marked with the “0” sym bol. These 
actual m easurem ents are connected along the length of the bent by a third order 
least squares curve fit, in order to show the deformation of the bents along their 
length. The top marker on each bent is the one located on the bent cap. Its 
m ovem ents are the sam e as the A p  m ovem ents presented earlier in Figures 3.69 
through 3.72.
T he first bent to  be addressed is bent 4. This bent has the reference day of 
January 15, 1987. Figure 3.73a shows the behavior o f the bent during the first two 
m onths of m onitoring, Figure 3.73b shows the behavior of the bent for the next four 
m onths of m onitoring, Figure 3.73c shows the behavior of the bent for the next six 
m onths of m onitoring, and Figure 3.73d shows the behavior of the bent for the last 
twelve m onths o f m onitoring. T he m axim um  movem ent o f the bottom  marker on 
bent 4 is approxim ately 0.13 inches westward and occurred on Decem ber 16, 1987 
as shown in Figure 3.73c. The top marker on the bent experienced a maximum  
movem ent of approxim ately 0.2 inches westward on March 17, 1988 as shown in 
Figure 3.73d. Figures 3.73c and d show that the bent has a tendency to slightly 
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The next bent to be addressed is bent 5, which has a reference day of January 
27, 1987. Figure 3.74a shows the behavior o f the bent for the first four m onths of 
m onitoring, Figure 3.74b shows the behavior of the bent for the next three m onths 
of m onitoring, while Figure 3.74c and d show the behavior of the bent for the next 
eight and last nine m onths of m onitoring respectively. The bent exhibits a tendency  
to  m ove westward in the spring of 1987, then to  m ove eastward in the summer of 
1987, and lastly to move westward again in the later m onths of 1987 and during 
1988 as shown in Figures 3.74a, b, c, and d. The m axim um  m ovem ent of the bottom  
marker is approxim ately 0.18 inches eastward, as shown in Figure 3.74b and the 
m axim um  m ovem ent of the top marker is 0.3 inches westward as shown in Figure 
3.74d.
The last bent to be addressed is bent 8, which has a reference day of January 
27, 1987. Figure 3.75a shows the behavior of the bent for the first two m onths of 
m onitoring, Figure 3.75b shows the behavior of the bent for the next three m onths 
of m onitoring, Figure 3.75c shows the behavior of the bent for the following seven 
m onths of m onitoring, and Figure 3.75d shows the behavior of the bent for the last 
twelve m onths of m onitoring. The bent tends to shift in the westward direction with 
a m axim um  bottom  movem ent of about 0.18 inches and a m axim um  top movement 
of 0.6 inches as shown in Figures 3.75a and c respectively.
It can be seen from Figures 3.73 through 3.75 that the taller bent experienced the 
largest m ovem ents at both top and bottom . Also the smaller bent experienced the 
sm allest m ovem ents at the sam e locations. It should be noted that the m agnitudes 
of the m ovem ents are relatively small (m axim um  equal to 0.6 inches) as compared 
to the height of the bents. The m ovem ents shown in the figures were magnified for 
ease of presentation.
As m entioned earlier, the theodolite readings began early in the construction  
phase before the LVDT’s were placed on the bridge. One of the reasons the theodo­
lite m easurem ents were taken that early and continued throughout the course of the 
research, was to observe the long-term  behavior of the bents and determ ine whether
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bent m ovem ents was a m ajor factor influencing joint behavior. From the study of 
the bent behavior conducted the following were found: 1) T he bents experienced  
negligible vertical m ovem ents, 2) the bent rotations were very small and consid­
ered insignificant, and 3) the m axim um  longitudinal m ovem ents of the bents were 
smaller than the m axim um  m ovem ents of the girders which indicates that the bents 
were pushed or pulled by the girders during therm al expansion or contraction. It 
can be therefore concluded that the bent m ovem ents had no significant effects on 
the joint behavior.
3 .6  C om p arison  o f  M ea su red  M o v em en ts  to  E s­
t im a te d  M o v em en ts
The Specifications of the Am erican A ssociation of State Highway and Transporta­
tion Officials, ((A A SH T O  (1983)) provide guidelines for expansion and contraction  
of bridge m em bers due to tem perature changes. These guidelines are generally 
adopted by the Louisiana D epartm ent of Transportation Bridge Design Manual, 
((LaD O TD  (1987)) where the design of sealed expansion joints for highway bridges 
is based on the prediction of joint m ovem ents. The bridge design manual addresses 
two aspects of longitudinal bridge m ovem ent. First, the prediction of movement 
due to therm al effects is obtained by m ultiplying the coefficient of therm al expan­
sion by the length of the m em ber and by the range of tem perature (rise and fall). 
The coefficient of therm al expansion is dependent on whether the girder is concrete 
or steel and is taken as 0.000006 per degree Fahrenheit for concrete girders and
0.0000065 per degree Fahrenheit for steel girders. T he tem perature range is taken 
as 30 degrees rise and 40 degrees fall for concrete girders and 60 degrees for either 
rise or fall for steel girders. T he second aspect of longitudinal m ovem ent addressed 
is a com bination of creep and shrinkage effects. The m ovem ent due to  creep and 
shrinkage is estim ated by m ultiplying the shrinkage coefficient by the length of the 
member. This coefficient is taken as 1 /4  inches per 100 feet for presstressed concrete 
girders and 1 /8  inches per 100 feet for steel girders. An installation dimension of a
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m inim um  of 1 inch is added to the therm al and shrinkage m ovem ents in obtaining
the m axim um  joint opening for the design of joint seals.
The above criteria can be applied to  estim ate the m ovem ents of the Krotz
Springs bridge. This is done as follows:
Unit 1 - 2 1 8  feet concrete com posite section:
Therm al m ovem ent =  0.000006 x  218 x 12 x  70 =  1.1 inches 
Creep and shrinkage =  0.0002 x  218 x  12 =  0.52 inches 
Total m ovem ent =  1.62 inches
Unit 2 - 1 4 0  feet steel com posite section:
Therm al m ovem ent =  0.0000065 x  140 x 12 x 120 =  1.31 inches 
Creep and shrinkage =  0.0001 x  140 x  12 =  0.17 inches 
Total m ovem ent =  1.48 inches
Unit 3 - 260 feet concrete com posite section:
Therm al m ovem ent =  0.000006 x  260 x 12 x 70 =  1.31 inches 
Creep and shrinkage =  0.0002 x  260 x 12 =  0.62 inches 
Total movem ent =  1.93 inches
Unit 4 - 350 feet concrete com posite section:
Therm al m ovem ent =  0.000006 x 350 x 12 x 70 =  1.76 inches 
Creep and shrinkage =  0.0002 x  350 x  12 =  0.84 inches 
Total m ovem ent =  2.6 inches
T he above estim ated m ovem ents can be used to obtain the m ovem ent range 
(joint opening) of each expansion joint of the Krotz Springs bridge. This is accom ­
plished by assum ing that the estim ated movement of each unit is equally distributed  
at each end of the unit with the exception o f unit 2 which has a fixed connection at
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its eastward end. The estim ated movem ent o f unit 2 is assum ed to  occur only at the 
free (westward) end. The estim ated expansion joint m ovem ents are tabulated and 
presented in Table 3.4 along with the m easured joint m ovem ents given previously 
in Tables 3.1 and 3.3. It should be noted however that a m inim um  installation  
dim ension has not been added to  the predicted joint m ovem ents given in Table 3.4.
It can be seen from Table 3.4 that the m easured m ovem ents at expansion joints 
1 and 2 have either reached or exceeded the estim ated values, although they were 
obtained at tem perature ranges approxim ately 30% lower than the ones used for 
the estim ated m ovem ents. The m ovem ents of expansion joints 3 and 4 however are 
well below the estim ated values.





(With LVDT,s ) (With Theodolite)
*Estimated Movements 
Thermal Total
E. J. 1 0.8" 0.4" 0.55" 0.81"
E.J. 2 0.95" 0.85" 0.55" 0.81"
E.J. 3 1.4" 1.0" 1.97" 2.45"
E.J. 4 0.55" 1.05" 1.54" 2.27"
* Estimated movements are based on LaDOTD recommendations.
C h ap ter  IV  
S u m m ary  and  C o n clu sion
4.1 S u m m ary
Changes in ambient, tem perature, creep and shrinkage have definite and measurable 
effects on bridge structures. Expansion joints are used as a standard practice in the 
design of bridges to accom odate m ovem ents associated with these effects. However 
expansion joints often deteriorate rapidly and several states have been m otivated in 
the direction of m inim izing or om itting expansion joints in highway bridges during 
the last few years. In this regard, a research study was undertaken to investigate the 
longitudinal across-the-expansion joint m ovem ents of a newly constructed bridge in 
central Louisiana. The bridge chosen for this investigation was the east, approach 
of the U. S. 190 over the Atchafalaya River at Krotz Springs Louisiana. The bridge 
was under construction at the tim e the investigation was initiated.
M easuring devices were selected and prepared for use at the bridge site. Lin­
ear variable differential transformers and a total station theodolite were used to 
m onitor the expansion joint m ovem ents. Therm ocouples were used to measure the 
tem peratures of the bridge sections as well as the ambient tem peratures. The m ea­
suring devices were thorougly tested  in the laboratory prior to  field installation. The 
benchmarks and bridge markers needed for the theodolite readings were in place 
before the bridge slabs were poured. The therm ocouples were placed in the slab at 
the tim e of the pouring. Additional therm ocouples were m ounted on the surface of 
the concrete girders at a later tim e. The LVDT’s were in place approxim ately nine 
m onths after the slabs had been poured. Field m onitoring of the bridge began in 
January of 1987 and continued until July, 1989. A Hewlett Packard microcomputer 
and data acquisition system  was used to collect and store data from the LVDT’s 
and therm ocouples directly as it was received. The theodolite measurem ents were 
taken m anually and later transcribed into the sam e com puter for processing. A
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database of field m easurem ents was thus created.
Equations relating the field measurem ents to  joint m ovem ents were developed. 
The equations were coded into com puter programs that processed the field m ea­
surem ents, and converted them  into meaningful values o f joint m ovem ents. Plotting  
programs were developed to display the joint m ovem ents as well as the recorded 
bridge tem peratures.
The data obtained in this investigation was used to  analyze the behavior of joint 
m ovem ents. Short-term  m ovem ents were related to diurnal tem perature changes. 
Seasonal effects including creep and shrinkage were considered in the study of long­
term m ovem ents. T he behavior of the bents supporting the expansion joints was 
also investigated.
A detailed study of bridge tem peratures has been presented. M easured tem per­
atures were used to  develop sim ple expressions for predicting bridge tem perature 
profiles based on the ambient tem peratures.
The applicability of LaDO TD  recom m endations for predicting joint m ovem ents 
was exam ined via com parisons with measured m ovem ents.
4 .2  L esson s L earned  from  C o n d u ctin g  F ie ld  E x ­
p er im en ts
Performing a field investigation of the m agnitude of this research presents problems 
which may not be anticipated. An im portant lesson learned from conducting the 
field investigation of the Krotz Springs bridge is that in order to  m inim ize the 
number of problems likely to occur, proper planning is required. T he selection and 
testing o f the measuring devices prior to field installation should be done as early 
as possible. M easurements for placement of the instrum entation should be done in 
advance. For structures under construction, installation of the devices should be 
coordinated with the activities of the construction crew.
It was also learned from the experim ents that even with the perfect choice of
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instrum entation, precautions should be taken to safeguard the instrum ents against 
the infiltration of bugs and birds, and from adverse environm ental conditions.
A nother lesson learned from the experim ents is that in investigations of this kind, 
m idspan deflections and stressess should be measured so that they m ay be related 
to joint m ovem ents and provide a better understanding of joint behavior. Also, 
when an analysis of short-term  effects is needed in relation to diurnal tem peratures, 
m easurem ents should be taken on a wider range of extrem e tem peratures so that 
the findings may be applicable to  a greater number of analyses conditions. When 
long-term  effects are sought, the investigation should be done on a yearly basis 
and measurem ents should be repeated at tim es of similar tem perature conditions. 
The tem perature factor could be thus m inim ized in a com parison of the structural 
behavior based on a m ultiyear period.
It was also learned from this study that when traffic effects are to  be investigated, 
measurem ents should be taken just before the traffic loads are applied, and continue 
uninterrupted for som e tim e so that initial traffic effects can be distinguished from  
other factors.
4 .3  C on clu sion s
This work represents the m ost com prehensive experim ental field study of longitu­
dinal m ovem ents of bridge com ponents to date. Actual field m onitoring extended  
over a three year period. Bridge m ovem ents were m onitored from pouring of the 
bridge decks through one year of exposure to normal traffic. As a consequence 
bridge engineers and designers have available to them  for the first tim e, data on 
both short-term  and long-term  longitudinal bridge behavior. T he data gathered  
has significant im plication on the future developm ent of expansion joint design for 
bridges. In this regard the principal conclusions are as follows:
1. The primary causes of m ovem ents in the bridge decks obtained during the 
period of m onitoring with the LVDT’s were due to therm al effects. Since most
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instrum entation was not in place until 9 m onths after span construction, creep 
and shrinkage effects could not be m onitored experim entally. T he range of 
m ovem ents over the 21 m onths of m onitoring with LV DT’s was on the order 
of 0.5 to  1.4 inches depending on the joint location. Expansion joints at steel- 
to-concrete girder locations experienced approxim ately twice the movements 
of the concrete-to-concrete girder joints.
2. The results o f the experim ental study revealed the presence o f restraining ef­
fects at the expansion joint bearing pads. Even with state o f the art design 
and construction practices, proven stress-free expansion joint devices have not 
been developed. Stresses built-up at these “roller” supports due to thermal 
expansion and contraction were suddenly relieved when a certain stress level 
was reached or when an external force was applied. An exam ple of this be­
havior was dem onstrated when the release of therm al stresses built-up at the 
pins of the steel river crossing caused shock waves in the structure and aided 
in relieving stresses built-up at the joint supports. This behavior was also 
seen during one of the days of traffic usage.
3. The bridge sections experienced unsym m etrical joint m ovem ents with the 
north side displaying larger m ovem ents. This unsym m etrical deformation  
can be attributed to restraints associated with the neoprene bearing pads. 
M easurements showed that the bridge tem peratures on the north and south  
sides of the bridge were similar and thus did not contribute to the unsym m et­
rical deformation. This pattern further supports the previous conclusion that 
significant restraints exist at the “roller” supports.
4. The bridge underwent non-reversible joint m ovem ents. It was observed that in 
som e cases the bridge sections did not bounce back to their initial positions as 
tem peratures rose and fell to  their initial values. This behavior was evident 
over the 24 hour m onitoring cycles as well as over the long-term  seasonal 
period. The non-reversible m ovem ents are atributed to the restraining effects 
present at the “roller” supports. There was no consistent, pattern in this
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behavior further substantiating the preceding two conclusions.
5. A lthough non-reversible behavior was observed, a general seasonal repetitive­
ness of joint movement behavior occurred, which was in agreement with the 
seasonal tem perature trends.
6. Based on the measured distribution of tem peratures through the depth of 
the bridge sections, a m odel to predict this distribution was developed. The 
m odel relates the tem peratures at the top and bottom  of slab as well as the 
girder tem peratures to ambient tem peratures. The distribution of tem per­
atures through the slab varied significantly but little variation was observed 
through the depth of the girders. The m odel provides an adequate description  
of therm al profiles through the depth of the slab and girder.
7. T he bridge sections showed no signs of rigid body translation. There was no 
tendency o f the bridge to m ove downhill over tim e.
8. Bents under expansion joints responded to but did not contribute to joint 
m ovem ents. The bents experienced negligible vertical m ovem ents and small 
rotations. In addition, the m axim um  longitudinal m ovem ents of the bents 
were smaller than the m ovem ents of the girders which indicates that the bents 
were m oving along with the girders during therm al expansion and contraction.
9. The data acquired over the 9 m onth period after the bridge was opened to 
traffic indicated no discernible effects due to traffic loads. However, to more 
fully evaluate these effects, m onitoring over a longer period of tim e is required.
10. A com parison of actual joint m ovem ents with those estim ated by the current 
LaDO TD procedures did not indicate a consistent pattern. In som e cases the 
LaDO TD recom mendations over-estim ated the m ovem ents but in other cases 
under-estim ated them .
11. M easurements with LVDT’s proved to be the appropriate m ethod for inves­
tigating joint m ovem ents. Theodolite m easurements had lim ited value and
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proved inefficient.
4 .4  R eco m m en d a tio n s
T he inform ation provided by the field experim ents of the krotz Springs bridge sug­
gests that additional investigation is needed in the following areas:
1. It is recommended that the Krotz Springs bridge be m onitored for an ad­
ditional two years to  ascertain the effects of long-term  traffic loads on joint 
m ovem ents.
2. There are m any insights into the deformation and stress behavior of bridges 
that additional research can provide. O f particular interest are the restrain­
ing effects of the substructure on the joint m ovem ents. A lthough there is an 
abundance of experim ental and analytical studies on the effects of tem pera­
ture distribution on bridge cross sections, there are lim ited efficient procedures 
for predicting these distributions and account for their effects on joint m ove­
m ents. It is recom m ended that analytical procedures incorporate realistic 
tem perature profiles similar to the one developed in this study, and account 
for the substructure restraining effects.
3. W hile other states have m ade significant progress in designing and build­
ing jointless bridges, Louisiana still relies on providing joints to accom m o­
date m ovem ents. Experim ental studies are needed to fully investigate the 
re-distribution of stresses in jointless bridge designs. Sensitive stress m ea­
suring devices m ounted on bridge prototypes would help identify the relative 
effects o f each stress producing factor. Such identification becom es extremely  
difficult in actual bridges. Therefore prototype bridges with three proven 
stress relieving devices should be built and m onitored. These stress relieving 
devices are flexible integral abutm ents, flexible piers, and partially com posite 
slab-girder system s.
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The inform ation gathered in this research project is very comprehensive. It 
provides a starting point to  other researchers investigating a number of aspects 
relating to bridge design in general and expansion joint behavior in particular.
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A p p en d ix  A: 
V erification  o f  L inear B eh a v io r  o f  B r id g e  C ross  
S ectio n s  at E x p a n sio n  J o in ts
To verify that the bridge cross sections at the expansion joints remain planar, 
five LVDT’s were placed along the depth of the steel girders and four LVDT’s were 
placed along the depth of the concrete girders at the south side o f expansion joint
2. The m ovem ents of the girders were m easured at all these locations at different 
tim es. The results of these m easurem ents are p lotted  in Figures A .l and A .2. It 
can be seen from the figures that the displacem ents obtained vary linearly through 
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L
j ________



























D I S P L A C E M E N T
Displacement of Concrete Cross Section at Different Times
|«—  0.1 in.— «-|
V ita
Herodotos A. Pentas was born in Nicosia, Cyprus on June 8, 1955. He received 
a Bachelor of Science in Civil Engineering from T he University o f A labam a at 
Birm ingham  in August of 1984. He also received a M aster of Science in Civil 
Engineering from the same university in August o f 1985. He entered the Graduate 
School at Louisiana State University in August of 1986. He is presently a candidate 
for the degree of Doctor of Philosophy in Civil Engineering at Louisiana State  
University.
231
DOCTORAL EXAMINATION AND DISSERTATION REPORT
Candidate: Herodotos A. Pentas
Major Field: Civil Engineering
Title of Dissertation: Experimental Investigation of the Longitudinal Movements
Associated with Highway Bridge Joints
Approved:
M a j o r  P r o f e s s o r  a n d  C h a i r m a n
^
D e a n  o f  t h e  G r a d u a t e  S
EXAMINING COMMITTEE:
Vty oy<? U - A'jJjopu.
Date of Examination:
A p r i l  3rd , 1990
